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OBSERVATIONS UPON THE NITROGEN OF THE 
PARTICULATE MATTER IN THE SEA’? 


THEODOR VON BRAND 


(From the Woods Hole Oceanographic Institution) 


The present investigation has been undertaken in order to secure 
data on the amount of organic matter present in particulate form in dif- 
ferent regions of the sea. Such information is of importance because 
in the cycle of life in the sea a very large part of the living matter must 
occur as nanoplankton. These organisms, together with the more re- 
sistant portions of decomposing organisms, detritus, make up the par- 
ticulate matter which has been studied. Data have accumulated rapidly 
concerning the dissolved substances such as nitrate, phosphate, etc. 
which appear in the later stages of the cycle of decomposition but at 
present almost nothing is known of the quantitative occurrence of these 
materials while they are bound up in organized matter. 

For practical analytical reasons, as well as because of the supreme 
importance of nitrogenous compounds in the biological cycle, the dis- 
tribution of particulate matter has been measured in terms of the nitro- 
gen content. Water samples of one to four liters were collected with 
Nansen bottles and preserved by the addition of 20 cc. of formalin per 
liter. The particulate matter was concentrated according to the cen- 
trifugation method of Steemann-Nielsen and von Brand (1934). The 
nitrogen content was determined according to von Brand’s (1935) 
modification of Krogh and Keys’ (1934) method. In every case dupli- 
cate analyses were performed. With a few exceptions, in the case of 
very low values, they agreed in the range of 10 to 15 per cent. All 
organisms of about the size of copepods or above were removed. The 
values obtained thus represent the nitrogen content of the nanoplankton 
and detritus. 

Throughout the whole procedure every care was taken in order to 
avoid contamination with nitrogen-containing substances. ‘There were 


1 Contribution No. 123 of the Woods Hole Oceanographic Institution. 
1 
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no indications of any great amount of contamination, but the possibility 
of a certain degree of contamination cannot be excluded with certainty 
(for example, from the wire or the closing mechanism of the Nansen 
bottles). It is not impossible, on the other hand, that during the con- 
centration a certain amount of the particulate matter was lost. The 
method of concentration gave very satisfactory results with nordic 
plankton (Steemann-Nielsen and von Brand, 1934) ; but with Mediter- 
ranean plankton considerable losses were reported (Bernard and Fage, 
1936). This may, however, be due to slight modifications of technique. 
Dr. John Fuller (personal communication) tested the method with a 
diluted culture of Nitschia closterium. He compared the values ob- 
tained after centrifugation with those calculated from previous direct 
counts on the undiluted culture. He recovered 94 per cent, whereas 
Bernard and Fage lost 50 per cent of Nitschia longissima. 

In Table I are summarized the analytical data from which the re- 
sults given in Table IV are derived. They demonstrate the order of 


TABLE | 


Accuracy of the nitrogen method 


| Naphthy!] red in milliliters | | 7N — atate 
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accuracy which can be expected from the nitrogen method. The per- 
centage error is about the same in most of the data reported in the other 
tables. The N values actually determined were also in most other 
cases approximately as high as those shown in Table I. In cases where 
only small amounts of nitrogen were expected, greater amounts of water 
were centrifuged (for the single analysis of the deep sea samples usu- 
ally 1,000-2,000 ml., for those of the Gulf of Maine 200-400 ml.). In 
some analyses of the deep sea samples with nitrogen values below ly N 
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in the single analysis the percentage error was appreciably higher. The 
greatest percentage difference observed between two analyses of the 
same water sample occurred in the 1,300-meter sample of the Sargasso 
Sea station: I. analysis 0.40y N, IT. analysis 0.85y N. 

Confidence in the quantitative adequacy of the methods employed is 
also given by a comparison of the results obtained at mid depths in the 
Gulf of Maine (Table V) with similar estimates of the phosphorus 
present in particulate form in these waters. Analyses made by Dr. 
Homer Pyne Smith indicate that about 5y per liter of PO, is present 
throughout the year in a form which can be separated by filtration. 
This is one-third the quantity of nitrogen found in particulate form; 
exactly the ratio to be expected in particles of organic origin. 


RESULTS 


Table II shows the vertical distribution of the nitrogen in the par- 
ticulate matter in the Sargasso Sea. The relatively low surface value 
of 8.4y per liter is in accordance with the scarcity of plankton in this 


TABLE II 
Vertical distribution of the nitrogen of the particulate matter in the Sargasso Sea. 


Atlantis Station 2639. Latitude N. 35° 08’. Longitude W. 66° 30’. 
July 10-11, 1936. 








Nitrogen Depth Nitrogen Depth Nitrogen 
per in 7, per in y_ per 
liter meters liter meters liter 


Depth | Nitrogen Depth 
in y pe in 
meters i meters 


0 ,' 500 | 1.4 1,100 
50 5. 600 | 0 1,200 


2,000 1.4 
2,250 2.8 
2,500 5 
2,750 8 
3,000 2.3 
4,500-4,750 | 0 


100 3. 700 1,300 
200 : 800 
300 900 
400 | 1,000 


1,600 
1,800 


CIDwWKWK 


: 1,400 


wee = 


1 





part of the Atlantic. The amount of nitrogen decreases with depth, 
first rapidly, then more slowly until it is only a fraction of ly per liter 
between 1,100 and 1,300 meters depth. It is apparent that in the deeper 
layer the values are again somewhat higher. Between 1,400 and 3,000 
meters they vary from .5 to 2.8y per liter. In the deepest sample the 
nitrogen content was so low that it could not be determined in the par- 
ticulate matter of the 1.8 liter of water available. The determinations 
demonstrate that at least in the upper 3,000 meters everywhere particu- 
late organic substance is in suspension. Of course, it cannot be stated 
that it represents the amount of living substance. It is reasonable to 
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expect that at least a part is due to the residues of dead organisms or to 
solid excreta. 

A similar series of determinations was secured from the water on 
the outer slope of Georges Bank (Table III). The distribution of 


TABLE III 


Vertical distribution of the nitrogen of the particulate matter in the offshore waters. 
Latitude N. 40° 20’, Longitude W. 67° 39’. July 24, 1936. 
Depth of station, 1,000 meters. 
Depths Nitrogen 
in y, per 
meters liter 


Minigs a aeker te errs 
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300 
nitrogen, which shows a progressive decrease from the surface down- 
ward to 300 meters, is similar to that occurring at comparable depths in 
the Sargasso Sea. In the coastal water the nitrogen values are about 
twice as high as in mid-Atlantic at 50 to 300 meters, and the contrast 
is even greater at the surface. 


A series of determinations has been carried out on surface samples 


from the region of Georges Bank in order to study the variability in a 
small area (Table IV). With the exception of the very high value of 
47y N per liter, all figures lie within the range of 18-34y N per liter. 


TABLE IV 


Horizontal distribution of the nitrogen of the particulate matter of surface water near 
Georges Bank. 








Position | 
Nitrogen 
y per liter 


Latitude N. Longitude W. 


1, 1936 40° 07’ 69° 02’ 18 
1936. 40° 09’ 69° 04’ 24 
1936... 40° 16’ 68° 08’ 18 
1936. . 40° 20’ 67° 39’ > 2 
1936... 41 66° 07’ | 

23, 1936 41 66° 08’ 34 
1936..... 40 67° 52’ 30 
ree 40° 27’ 67° 42’ , 2 


Nm NM bh 
“IN Nh 


In the Gulf of Maine water was studied from three deep stations 
and one shallow station. The results are summarized in Table V. The 
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distribution of the particulate matter in the upper 40 meters was irregu- 
lar, but fell very nearly in the range of the values from the surface 
water near Georges Bank. It is reasonable to assume that the differ- 
ences found are due to an irregular distribution of the phytoplankton 
(cf. Gran, 1933; Gran and Braarud, 1935). Below 40 meters the con- 
ditions in the three deeper stations are on the whole similar. We find 
at intermediate depths a relatively small amount of particulate matter, 


TABLE V 


Vertical distribution of the nitrogen of the particulate matter in the Gulf of Maine. 
Depths not corrected for wire angle. 


Atlantis Station No. 





2644 2643 2654 


Date. Aug. 8, 1936 Aug. 18, 1936 | Aug. 10, 1936 | Aug. 19, 1936 


Position. . ..| 40° 46’ N. 71°31’ W. | 41°53’ N. 69° 24’ W. | 42° 19’ N. 69° 17’ W. | 42°59’ N. 70° 12’ W. 
Depth of | 
station. . .| 64 meters ca. 200 meters 229 meters ca. 160 meters 





Depth of | Nitrogen in Nitrogen in | Nitrogen in Nitrogen in 
sample. m. ¥ per liter + per liter y per liter + per liter 





eS | 23 22 12 34 


20 19 — 29 
40 28 15 12 
60 11 11 10 
80 13 10 13 
100 11 10 17 
120 10 11 — 
140 10 17 14 
160 11 17 15 
180 16 14 
200 16 14 
215 15 

















whereas in the deeper layers the amount is always again higher. It 
should be noticed that both the minima and maxima are within very 
narrow limits the same at the three stations (9-10 and 16-17, nitrogen 
per liter respectively). The differences in the depths at which the mini- 
mum and maximum concentrations of nitrogenous particulate matter 
occur are doubtless due to hydrographic as well as biological causes. 
Much more information is required before they can profitably be dis- 
cussed. The striking feature of the waters of the Gulf of Maine in 
contrast to those from offshore is the higher and more uniform concen- 
tration of the particulate matter in the subsurface layers. May this not 
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be explained by the consideration that in a coastal basin particulate 
matter cannot sink out of reach of the tidal currents, which extend even 
to the bottom, and is thus kept more uniformly in suspension? 

I should like to acknowledge my indebtedness to Dr. A. C. Redfield, 
Mr. H. R. Seiwell, Mr. H. C. Stetson and Dr. E. E. Watson for having 
collected the water samples and to Dr. N. W. Rakestraw for having 
prepared some of the reagents. The work was done during the tenure 
of a fellowship granted by the Woods Hole Oceanographic Institution. 


SUMMARY 


The distribution of nitrogen contained in the particulate matter sus- 
pended in the sea has been studied in the Sargasso Sea, on the outer 
slope of Georges Bank, and in the Gulf of Maine. In the oceanic 
water the concentration of nitrogenous particulate matter declines 
sharply with depth to 500 meters and tends to increase slightly below 
1,400 meters. On the outer slope of Georges Bank the distribution is 
similar down to 300 meters, but the concentrations are about twice as 
great as in mid-ocean at comparable depths. In the Gulf of Maine the 
nitrogenous particulate matter is more uniformly distributed with re- 
spect to depth and is present in greater amounts in the subsurface water 


than on the outer slope of Georges Bank. 
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GUSTATION AND OLFACTION IN LEPIDOPTEROUS 
LARV Zz 


VINCENT G. DETHIER 


(From the Biological Laboratories, Harvard University, Cambridge, 
Massachusetts) 


INTRODUCTION 


Investigations into the nature of the chemical senses of lepidopterous 
larve have been few. McIndoo (1919) demonstrated the existence 
of an olfactory sense, but no one has made a special study of the 
gustatory sense. It is the purpose of this paper to present data on 
the gustatory thresholds for sucrose, dextrose, and hydrochloric acid 
and data on the olfactory threshold for ethyl alcohol; to locate and 
describe the sense organs involved; and to show what part these two 
senses play in the selection of food plants. 

I wish to express my sincere thanks to Professor C. T. Brues and 
Professor T. J. B. Stier for their help and criticism during the course 
of this investigation. 


Gipsy moth caterpillars (Porthetria dispar) were employed as suit- 
able test subjects for the determination of the taste threshold of various 


substances. 

Each insect was tested individually and the gastronomic history of 
each followed. One which would accept water was eliminated because 
this was taken as a sign that the animal would accept indiscriminately 
any liquid offered to it. If the water was refused, drops of sucrose in 
dilutions of .0001M, .001M, .01M, .1M, .5M and 1M were offered in 
succession and the point noted where the larva accepted the drop. 

From this it appears that P. dispar larve can taste sucrose solutions 
as dilute as .1M. This threshold varies slightly with individuals as 
some respond only to .5M solutions. The threshold appears to be 
independent of the temperature changes occurring in the natural en- 
vironment of the larve and independent of larval age. Fatigue of the 
organs of taste, if it occurs, must be negligible as no indication of this 
was observed. 

By presenting the solutions in alternation with water and at vari- 
able strengths, it was shown that most larve could distinguish between 
.1M and .5M. 
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When .1M was offered following a dose of water, it was accepted. 
When .1M was presented after a dose of .5M, it was refused. Thus 
we conclude that larve can distinguish between .1M and .5M sucrose 
solutions. Similar experiments proved that the larve can also dis- 
tinguish .5M from 1M and 1M from 2M. The readiness with which 
larve accepted and the length of time they imbibed might also be used 
as an index of their preferences. 

The threshold for dextrose solutions was determined in much the 
same manner as that for sucrose. Larvze could distinguish concentra- 
tions of dextrose as low as .5M. For a determination of a hydro- 
chloric acid threshold the fundamental procedure was altered in one 
respect only. Larvz would accept hydrochloric acid solutions below 
a certain concentration. In order to determine, therefore, what the 
lowest acid concentration was which larve could detect, it was neces- 
sary to use as a control some solution which was readily accepted. For 
this reason only those larvz were tested which accepted water. Taking 
the most dilute solution which the larve refused as the threshold con- 
centration, this was found to be .05M and possibly as low as .005M. 

As larve of other species became available, similar experiments were 
repeated on them and the thresholds of the following species were 
found to be the same as those of P. dispar: Anosia plexippus, Papilio 


polyxenes, Diacrisia virginica, Estigmene acrea, Samia cecropia, Isia 


isabella, Euchetias egle, Hesperiide (sp. ?), Noctuide (sp. ?), and a 
Black Woolly Bear caterpillar. The HCl threshold of Anosia plexippus 
was definitely .005M. 

It is important to note that the threshold concentrations in man are 


approximately eight times more dilute than those of caterpillars. The 
importance of this comparison is apparent when we discuss the experi- 
ments on plant choice. 

It is an exceedingly difficult matter to determine the threshold for 
olfaction. Numerous olfactometers have been designed for insects 
(McIndoo, 1927; Ripley and Hepburn, 1929; and Wirth, 1928), but 
none of these can be used with caterpillars. Some are designed for 
the use of different kinds of odors rather than different concentrations 
of the same odor; others, for winged insects only; and all, for adult 
insects only. After working with a great many caterpillars I have 
come to the conclusion that they possess a short-range olfactory sense. 
On account of this all olfactometers so far designed are inadequate 
since the source of the odor is distant from the chamber containing the 
animals, and by the time the odor reaches the larve it is too dilute to 


be detected. 
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The most successful method was adapted from that used by Parker 
and Stabler (1913) for human beings. It consisted, in short, of evapo- 
rating a known weight of ethyl alcohol in a known quantity of air. 
Before the experiment the container was cleaned thoroughly and rid 
of all odor (as far as the experimenter could determine). Four- 
hundredths of a cc. of 10M alcohol (460.0 gm. of alcohol to 1000.0 
cc. of water) was placed in the glass jar which was then sealed, inverted, 
and placed in the sunlight. The jar was shaken frequently. Twelve 
hours were judged adequate time for complete evaporation and nearly 
complete diffusion. At this time one Euchetias egle larva reposing on 
an odorless strip of paper was quickly thrust into the jar. Every at- 
tempt was made to prevent the air mixture from becoming too greatly 
disturbed. The time necessary for a response was usually three to 
four minutes. The best responses occurred when the larve were more 
or less motionless. 

The typical response to an odor, particularly to a disagreeable one, 
consists of characteristic movements of the mouthparts. The labrum 
is retracted ; the labium, extended forward and downward. The maxil- 
le, since they are more or less fused to the lower lip, of necessity follow 
a like course. The mandibles open, and then the whole process is 
reversed, beginning with the closing of the mandibles. A rapid alter- 
nation of this “spitting” motion often accompanied by a violent 
trembling of the antenne and maxille constitutes a perfect response 
to an odor. 

The threshold was taken as the lowest concentration which would 
cause a response. Control experiments were run using one drop of 
water under similar conditions. The threshold of taste is so very 
high that all odors used in this experiment were below the threshold 
of taste; therefore, responses were truly due to olfaction. 

Parker and Stabler computed the threshold concentration of ethyl 
alcohol for man as 5.750 mg. ethyl alcohol/liter of air. Wirth arrives 
at an ethyl alcohol threshold concentration of 5-20 mg./liter for an 
ichneumonid. On the basis of similar calculations I find the threshold 
of E. egle to be 55 mg./liter. This is roughly four times more than 
that of the ichneumonid and 9.5 times more than that of man, while 
that for the ichneumonid is 1.5 times more than that of man. 

It seemed obvious from the beginning that the caterpillar’s organs 
of taste were located in the head and a series of experiments was begun 
in an attempt to locate these organs. Two procedures were employed: 
either to stimulate areas locally and so determine the seat of taste re- 
ception, or to remove appendages and areas of the head capsule one 
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by one or in various combinations until a point was reached where the 


larva no longer responded to taste. A sharp lookout was kept for any 
rise in the threshold as various areas were removed. Larve of /. isa- 
bella and E. egle were used (cf. Fig. 1). 


? 


Fic. 1. Ventrat view of the mouthparts of the larva of Jsia isabella. Lr, 
labrum; Ep, epipharynx; Hb, hypopharyngeal lobe; M, mandible; Al, A2, A3, 
first, second and third segments of the antenna; E, eye; H, hypopharynx; Lm, 
labium; Mx, maxilla; Mp, maxillary palpus; Sp, spinneret. 


When a larva was to be stimulated locally, it was tied down on its 
back to a piece of cardboard by means of two loops of string, one 
around the neck, the other around the sixth or seventh abdominal seg- 
ment. Each loop passed over the caterpillar and then through two holes 
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in the cardboard to the bottom side where the two ends were tightly 
tied. This “operation board” was then strapped to the stage of a 
binocular dissecting microscope by means of two rubber bands. A fine 
needle was used to bring a drop of solution to the mouthparts. 

After a study of the types of responses due to a dry needle or to 
plain water had been made, it was possible to distinguish no response 
from a positive response (to a test solution) on the basis of the follow- 
ing criteria: 

1. Response to a mechanical stimulus may or may not occur as a 
single motion of the organ away from the source of stimulus. 

2. Response to water is either neutral or passive, i.e., no response 
or a feeble imbibing. If the larva has previously had its fill of water, 
the latter does not occur. 

3. Response to sweet solutions consists of a greedy drinking. 

4. Response to a salt, sour, or bitter solution consists of a decisive 
attempt to turn away and of a vigorous spitting motion of the mouth- 
parts. 


TABLE [| 


Local stimulation of head appendages. Minus sign signifies a negative response and 
plus sign signifies a positive response. 











Solution Maxilla Epipharynx Hypopharynx Antenna 





HCI (.05M)......... + + 


Sucrose (1M) ae 4 4 


After treatment with a solution the mouthparts were rinsed with 
water and dried with a bit of paper towel, and the test was not re- 
peated until the larva had quieted down and become motionless. An 
examination of Table I will show the areas stimulated, the solutions 
employed, and the results observed. 

The next procedure consisted in removing various areas. This 
was accomplished by means of an electric cautery needle in some cases 
and by amputation with forceps in others. In either case the wounds 
closed satisfactorily, and the shock of the operation passed in from 
fifteen to thirty minutes. As an extra precaution, however, no test was 
made until a recovery period of twenty-four hours had elapsed. Fol- 
lowing this interval tests were made in the usual manner. 

It was found that taste could be abolished entirely only by removing 
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both the epipharynx and hypopharynx. The removal of either one 
caused the responses to be weaker but did not raise the threshold; 
removal of any of the other appendages (antenne included) either 
singly or in combination produced no effect whatsoever. These ex- 
periments indicated that the organs of taste are located in the epi- 
pharynx and hypopharynx. 

In order to check the conclusions deduced from the above experi- 
ments, namely, that organs of taste are located primarily, if not entirely, 
in the epipharynx and hypopharynx, a histological examination was 
made of the labrum and labium of first instar tent caterpillars (Mala- 
cosoma americana) and of last instar flour moth larve (Ephestia 
kuehniella). 

The various types of innervated organs found on these two ap- 
pendages are listed in Table II. 


TABLE II 


Sense organs of the epipharynx and hypopharynx. 


Epipharynx Hypopharynx 





Sensilla placodea Large spines 
Sensilla trichodea 

Epipharyngeal setz 

Sinus organs 

Large spines 

Small spines. ees 





I have not been able to find any account of the organs present on 
the hypopharynx of caterpillars. The organs occurring ventrally on 
the epipharynx have been studied externally in Bombyx mori (Grandi, 
1923) and externally and histologically in Orthosia lota (Henig, 1931). 
I have studied the external anatomy and histology of the same organs 
in Malacosoma americana, Ephestia kuehniella, Isia isabella, Euchetias 
egle, and Protoparce quinquemaculata. The number and location of 
these organs is nearly identical in all of these species. 

Sensilla placodea.—These are thin flat circular plates in the integu- 
ment. There is no aperture present. Each is innervated by a single 
bipolar sensory cell. These “sense domes” (Henig) or “ pores” 
(McIndoo) occur in two groups of three on either side of the median 
line. 

Sensilla trichodea.—Typical hairs are found universally over the 
bodies of caterpillars. Usually from ten to fourteen are distributed 
over the ventral surface of the labrum. 
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Epipharyngeal Sete—These occur in two groups of three on the 
anterior edge of the labrum to either side of the median line. They 
are wide, flat, hollow organs which do not usually articulate in a socket. 

Sinus Organs.—Henig (1931) seems to have been one of the first 
to mention these two strange organs occurring close to the ventral sur- 
face of the posterior part of the labrum. The sinus organs (cf. Fig. 2) 


Fic. 2. 1, Terminal end of the third segment of the antenna of an A. plexip- 
pus larva. 2, End of the third segment of the antenna of a S. cecropia larva. 3, 
Diagram of a longitudinal section through a larval head showing where the part 
of the head anterior to the line A—B was removed. 4, Surface and profile views 
of a typical pore. 5, Section through the head of M. americana parallel to the 
face showing the sinus organs. 6, End of the third segment of the antenna of a 
P. quinquemaculata larva. h, hair; sb, sensillum basiconicum; st, sensillum 
styloconicum ; Ap, headpiece; C, cuticula; B, brain; E, eye; Ad, adductor muscles ; 
P, pharyngeal muscles; S, sinus organ; Hd, hypodermis; Lr, labrum. 


are marked by no external differentiation of the chitin. In the species 
which I examined these organs occurred as round diffuse bodies at 
the end of a rather prominent nerve trunk. They are approximately 
twenty micra thick, staining dark blue with Mallory’s triple connective 
tissue stain and dark red with Delafield’s hematoxylin and eosin. 
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Spines.—Both large and small spines occur rather generally over 
the surfaces of the epipharynx and hypopharynx. The two types differ 
in size and thickness of wall only, but both are so small that it is diffi- 
cult to determine much concerning their structure. They appear to be 
hollow and project up from the even surface of the surrounding chitin, 


ie., they are neither raised on bases nor set in sockets. All of them 


appear to be innervated, but Henig (1931) did not describe them. 

We see from this list that there is an abundance of sensilla in which 
the sense of taste might be located. One fact, however, throws out a 
huge number of possible organs, namely, that caterpillars with the 
labrum removed can still taste. Obviously there must be organs of 
taste in the hypopharynx and only large and small spines occur here. 
Of all the organs in this list the hairs are decidedly tactile; the epi- 
pharyngeal setz, rather too thick-walled to be gustatory in function ; the 
“pores,” too widely distributed to be gustatory (they also occur uni- 
versally over the body and its appendages). The sinus organs offer a 
tempting possibility. Since only spines occur on the hypopharynx, it 
seems as though we should attribute the perception of gustatory stimuli 
to them. I do this with reservations because I rather favor the hy- 
pothesis that the function of these spines is to prevent food from slip- 
ping within the mouth. Future study of the structure of the sinus 
organs will reveal whether or not they are adapted for receiving 
gustatory stimuli. 

It was observed in repeated experiments that larve responded to 
odors only when the source of the odor was near the head of the animal. 
The close proximity of odors to any portion of the body except the 
head brought no response. When a larva was cut in half, only the 
anterior portion responded to the odor. If the animal was severed be- 
tween the thorax and the abdomen, the same was true. The isolated 
head responded vigorously to odors ; the remainder of the body did not. 
If merely the face of the larva was removed along the line A-B (cf. 
Fig. 2), there was still no response to odors. (In this case since the 
mouthparts were removed, a typical response would have been simply a 
turning away from the source of the odor.) This would seem to indi- 
cate that the organs of olfaction were localized in that portion of the 
head anterior to the line A-B. 

As had been done in the case of taste, the olfactory responses were 
determined after the removal of various appendages by the electric 
cautery or by fine forceps. 

A twenty-four-hour period elapsed between the time of operation 
and the time of the test. In separate experiments the labrum, hypo- 
pharynx, these two together; the antennz, maxille and these two to- 
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gether, were removed. Only when both the antenne and maxillz were 
removed was the response absent ; in all other cases olfaction was not at 
all impaired. The following species were tested: Porthetria dispar, 
Isia isabella, Anosia plexippus, Euchetias egle, Samia cecropia, Pieris 
rape, Papilio polyxenes, Papilio turnus, Ephestia kuehniella, and two 
noctuids. 

The location of the seat of smell was further determined in greater 
detail by removing the parts as shown in Table III. 

These experiments indicate that the seat of olfaction lies in the 
terminal segments of the antennz and maxillz. It now remains to be 
seen whether these segments bear sensilla that could possibly be olfac- 
tory in function. 


TABLE III 


Olfactory responses after removal of various appendages. 











Parts removed Responses observed 


a. Segments I, II, + III of the maxilla with Segment III 
of the antennez 
b. Segments I, II, + III of the antenne with Segment III 
of the maxille 
c. Segment III of both antennz and maxille............. None 





The antennz of caterpillars are located laterad of the bases of the 
mandibles, usually nearer their anterior articulations. It is generally 
agreed that the antenna has three segments. Segment I (basal), large 
and membraneous, contains no sense organs. Segment II is reduced 
to a mere ring distinguished solely by four sensilla placodea. Segment 
III (cf. Fig. 2) is characterized by a galaxy of sensilla differing in 
structure, number and distribution with each species. 

I have examined a wide variety of species including representatives 
of Noctuide, Sphingidz, Arctiide, Lasiocampide, Saturniidz, Hesperi- 
idez, and Danaide. A generalized outline of sensilla occurring on the 
terminal segment follows : 

1. Two large hairs (sensilla trichodea), one of which is approxi- 
mately four times longer than the other. 

2. A palpus-like headpiece. 

3. Four sensilla located on the headpiece, two of which are blunt or 
acute cones (sensilla basiconica) either appreciable in size or barely 
discernible projections of the chitin, one an acute peg mounted on a 
conical base (sensillum styloconicum), and finally a rather large cone 
(sensillum basiconicum ). 
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4. Two large cones (sensilla basiconica) located to either side of 


the headpiece. 

5. Two small rather inconspicuous cones (sensilla basiconica) lo- 
cated near the base of the headpiece. 

6. A pore plate (sensillum placodeum) situated almost at the basal 
extremity of the terminal segment. 

In some species examined the three large sensilla basiconica were 


Fic. 3. Maxilla of a P. quinquemaculata larva. h, hair; st, sensillum 
styloconicum; hp, headpiece; p, pore (sensillum placodeum); sb, sensilla basi- 
conica; Mp, maxillary palpus; St, stipes; I, II, III, segments one, two, and three 
of the maxillary palpus. 


found to be characteristically sculptured (cf. Fig. 2). One type ap- 
pears as spiral ridges on the outside of the cone while the other type 
exists as internal ridges running from top to bottom and connected by 
fine cross striations. The purpose of these ridges and striations is not 
known, nor have they ever been reported in the literature. Character- 
istic of all these organs (hairs excepted) is the fact that they are hollow 
and their walls except at the bases are less than one micron in thickness. 
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Henig (1931) has mapped the nervous system in the antenne of 
O. lota. This can be taken as representative of a typical nerve map 
since it coincides with the nervous arrangement in the species which I 
have studied. 

The maxillz are located near the sides of the labium and fused to it 
at their bases. I follow here the nomenclature of parts employed by 
Henig (1931). Each maxilla has a large and fleshy base, the stipes 
(cf. Fig. 3). Distal to this is the palpiger. The remaining part of 
the appendage is the maxillary palpus. The first segment supports a 
conspicuous protuberance, the maxillary headpiece. Segment II is the 
same size as the headpiece, and Segment III is a minute barrel-shaped 
structure. Only the headpiece and the three segments contain any sense 


TaBLe IV 


Types of sensilla occurring on the antenne and maxille. 


Antenne Maxille 





Sensilla basiconica 5 ....Sensilla basiconica 
Large Small 
Small 

Sensillum styloconicum ....Sensillum styloconicum 
Small Large 

IN 25 <0 o's 33 p caccain wath ania nae oie Sensilla placodea 


organs other than the usual types of tactile hairs. Following is a gen- 
eralized outline of the sense organs occurring on these locations: 

1. Headpiece—three true hairs (sensilla trichodea), one to three 
very small cones (sensilla basiconica), two large sensilla styloconica. 

2. Segment I[I1I—one true hair (sensillum trichodeum), one sensil- 
lum placodeum on the side opposite the location of the headpiece. 

3. Segment II—one sensillum placodeum. 

4. Segment I—one sensillum placodeum, five to seven minute cones 
(sensilla basiconica) on the extreme end of the segment. 

This outline may serve as a description of any one of the species ex- 
amined since the arrangement and structure of the sense organs is very 
similar. The descriptions of Henig for O. lota and of Grandi for B. 
mori differ but slightly. 

The type of innervation of the maxille is similar to that of the 
antenne and need not be described here. 

From this survey we see that there are certainly many sense organs 
to which an olfactory function might be attributed. Table IV sum- 
marizes the types found. 

It seems improbable that sense pores (sensilla placodea) are olfac- 
tory in function, although thus far only one direct experiment has been 
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made to test this point. The maxille and the terminal segment of the 
antenne of fifteen E. kuehniella larve were carefully removed by 
cutting. This operation left the larve with sense pores on the stump of 
the antennz in addition to many located on the thoracic legs. The 
larve completed a normal life cycle and not once during this time did 
they respond to an odor. 

Brues (1920) suggested that the odor of a plant may be one factor 
influencing food plant choice by lepidopterous larve. It is now pos- 
sible to test this suggestion by direct experiment and, moreover, to check 
the results by ascertaining whether they are consistent with the various 
characteristics of the chemoreceptors of caterpillars as they have been 
described in the foregoing sections. 

I chose to work, for the most part, with the larve of Anosia plexip- 
pus. The first series of experiments deal with the role of olfaction on 
plant choice. 

Both sides of the leaves of a clean vigorous milkweed plant 
(Asclepias syriaca L.) were liberally painted with a cheap perfume 
having a characteristically penetrating odor. As soon as the perfume 
on both surfaces of the leaves had become dry the leaves were stripped 
from the plant and placed on the floor of a clean, odorless, wooden 
breeding box. The leaves still retained the pungent odor of the per- 
fume. A larva of Anosia plexippus was then introduced into the cage. 
Under no circumstances would it eat the leaf. It crawled about and 
acted toward the leaf as it would towards any foreign leaf. The same 
experiment was repeated using methyl alcohol. At first the larva did 
not approach the leaf, but after a short time approached and began to 
nibble the leaf and eventually ate it. The leaf at first gave off the odor 
characteristic of methyl alcohol. This odor is very pronounced to our 
own senses; therefore, on the basis of threshold experiments for olfac- 
tion it must have been perceptible to the larva... When the larva finally 
nibbled the leaf, I found that no odor remained and that there was no 
detectable alcohol taste on the leaf. Since man’s threshold is lower 
than that of the larva, it would seem that the larva likewise was not 
able to detect any alcohol taste, and, therefore, ate the leaf. 

It is common experience that when larve are placed in a breeding 
cage, they come to rest on the leaves of their food plant. The follow- 
ing experiments are based upon this observation. 

An assortment of various leaves was cut into uniform squares and 
placed in a breeding cage. Eighty-five per cent of the total number of 

_ + Experiments indicate that the relationship between the olfactory thresholds 
of man and caterpillars remains the same for practically all odorous substances. 


Dimethyl phthalate, which is odorless to man, appears to be odorless to cater- 
pillars. Larvze show absolutely no sign of being able to perceive this substance. 
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Monarch larve came to rest on the squares of milkweed only. If, how- 
ever, the squares of milkweed were treated with perfume or turpentine, 
the larve were found resting indiscriminately on any square. If every 
square was treated with either of the two substances mentioned, the 
larve again were found resting on any square, without so much as 
nibbling a piece of the leaf. Here it appears that the perfume and 
turpentine obscured that property of the milkweed by which the larve 
recognized it. The following experiments designated as “ screen tests ” 
prove definitely that this property is odor. 

Whatever leaves were used in the tests were laid on the floor of the 


breeding cage. A square of clean wire screen whose area coincided 


‘ 
‘ 
' 
' 
‘ 
' 


Fic. 4. 1 and 2. Diagrams of typical paths of A. plexrippus larve over their 
food plant (milkweed) during a “screen test.” 3 and 4. Diagrams of typical 
paths of A. plexippus larve over a foreign leaf (oak) during a “screen test.” 
The grouped arrows indicate locations where the larve felt around in all directions. 


with that of the cage floor was pressed over the leaves and fastened 
tightly into position. Care was taken that no portion of the leaves 
projected through the screen. A larva was then placed in the cage. As 
it crawled about its path was plotted and various movements of its head 
noted. The diagrams represent typical paths (cf. Fig. 4). 

Monarch larve passing over “ foreign” leaves maintained a straight 
path. When they passed over a milkweed leaf, they described a zigzag 


path, a sort of “ feeling about.” They never, with one exception, tried 


to bite through the screen or to get at the leaves in any other manner. 
When they tended to pass off the leaf, however, they raised the anterior 


portions of their bodies and felt about. In 50 per cent of the cases the 
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larve turned back over the leaf. ‘The paths for various species varied 
only slightly. 

The most significant experiment in this series consisted in placing 
the following leaves under the screen: mullein (Verbascum Thapsus 
L.), oak (Quercus ilicifolia), plantain (Plantago major L.), mullein 
coated with milkweed latex, oak coated with milkweed latex, and 
plantain coated with milkweed latex. The paths of the larve showed 
definitely that the caterpillars recognized the latter three leaves im- 
mediately. 

If, as these experiments seem to indicate, larve recognize the milk- 
weed by some odor that the leaves emit, leaves coated with some odor- 
less but disagreeable (to the larve) tasting solution should, nevertheless, 
attract the larve. All of the foregoing experiments were repeated. 
Leaves were covered with either sucrose solutions, sodium chloride solu- 
tions, or hydrochloric acid solutions. 

Although larve immediately recognized milkweed leaves coated with 
a sodium chloride solution, they would begin to eat such leaves but never 
continue eating them. The leaf had the correct odor but the wrong 
taste. It is significant to note that although larve would not eat salt- 
covered leaves, they, nevertheless, came to rest on them in preference to 
foreign leaves. 

In conclusion, two more types of tests were tried. The first con- 
sisted of painting various substances such as oak leaves, cherry leaves, 
lettuce leaves, and filter paper with milkweed latex. The second con- 
sisted of stripping of both surfaces of a milkweed leaf and gluing them 
on either side of some other kind of leaf. The sticky milkweed latex 
was used as a glue. 

In the first case the larva would attack the treated substance and 
reject it after a few mouthfuls. At intervals they would attack it afresh 
but would starve rather than eat it. In the second case the same was 
true. The normal behavior of the larve was to attack the edge of the 
leaf. When they did this, however, they soon tasted the foreign leaf 
sandwiched in between the milkweed. A few larve managed to survive 
by eating both surfaces and leaving the middle leaf untouched. 

We may conclude that the odor of the leaf and its taste are primary 
factors influencing food plant choice in lepidopterous larve. 


DISCUSSION 


Experiments have been presented which show definitely that olfac- 
tion and gustation are the primary factors influencing food plant choice 
by lepidopterous larve. The threshold, location, and probable end 
organs of each of these two senses have been determined. 
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Smell in caterpillars is a sense of exceedingly “ short range” since, 
in general, the threshold for food plant odors is very high. A larva, 
therefore, cannot scent its food plant from afar. The caterpillar, if 
it was not hatched on the food plant, must find its food entirely by 
chance. It is a common occurrence in nature for larve to be knocked 


or blown from the plant upon which they were feeding. Gravity and 


light direct them to where their food plant would normally be. For 
example, larva which feed on a ground plant such as plaintain or clover 
are positively geotropic and negatively phototropic, while larve which 


feed on trees, shrubs, or herbaceous plants which grow upright are 
negatively geotropic and positively phototropic. Excellent proof that 
the first move in the direction of the food plant is a chance movement 
can be found in the case of the larvae of Echetias egle which feed on 
milkweed. After vigorous wind storms the brightly colored larve are 
found on practically every type of upright vegetation in the vicinity 
of a milkweed patch. Those which are not lucky enough to chance upon 
a milkweed plant most certainly die unless after another tumble to earth 
they ascend the proper plant. Similar conditions throughout nature 
must account for a large part of the mortality of caterpillars. 

Having found a plant, the caterpillar crawls over the leaf, waving 
its head from side to side. The larva’s “ short range” sense of smell 
is particularly fitted to this environment since the larva moves about 
with its olfactory receptors, the antenne and maxille, exceedingly close 
to the source of stimulus, the leaf. We recall that the olfactory 
threshold of caterpillars appears to be no better than our own. We 
also find by pressing various leaves to our noses that many of these 
leaves which we previously thought of as possessing no odor, do emit 
a rather characteristic one. The caterpillar, then, with its poor thresh- 
old perceives many plant odors because their sources are very close 
at hand. Plants which appear odorless to us are probably odorless 
to caterpillars. The world of the Monarch larva is probably composed 
solely of “milkweed odor” and “not milkweed odor.” It is pos- 
sible that the odor of milkweed is the stimulus which sets off a reflex 
action, namely a biting reflex. At this point the larva “tastes” the 
leaf. Probably the taste substance in the milkweed is a stimulus which 
causes additional reflexes culminating in feeding. 

When we attempt to explain the feeding habits of polyphagous 
larve, we encounter various difficulties. The experiments presented 
proved that the senses of gustation and olfaction are just as acute in 
this type of caterpillars as in monophagous and oligophagous species. 
There are, however, many plants whose odors are undoubtedly below 
the thresholds of the larve. Then again in these larve a specific odor 
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may not set off a biting reflex as postulated for monophagous species. 
Any plant, therefore, which does not have repelling odor or whose odor 
is below threshold is attacked. Likewise a plant which does not have 
a repelling taste substance or whose taste substance is below threshold 
is attacked. If there is a similarity of odor and taste in several plants, 
as for example, cabbage and radish, it is conceivable that a fundamentally 
monophagous caterpillar is deceived into feeding on both species. I am 
inclined to classify as oligophagous only those insects which feed on 
plants with similar odors and tastes. An example would be Pieris rape 
whose larve feed on cabbage and radish, both of which taste and smell 
alike to humans. All other species are polyphagous. They eat any 


plant which does not contain a repellent. A polyphagous larva is not 


one which recognizes many odors, but rather a larva in which a par- 
ticular taste and odor is not required to start the chain of feeding 
reflexes. 

When we attempt to find what constituent of the plant leaf attracts 
the larva, we must remember certain basic facts: The constituent must 
most probably be one which will stimulate the human senses of taste 
and smell because experiments seem to indicate that the thresholds of 
caterpillars are higher than those of humans; many of the constituents 
of a leaf vary with the season, the age of the leaf, and the time of the 
day and the attractant must be a constituent of the leaf which does not 
vary under the above conditions. 

The latter statement needs explanation. To human beings cabbage 
always tastes and smells like cabbage, lettuce like lettuce and so forth, 
regardless of the time of day or season the vegetable is grown or eaten. 
Obviously the substance in such a vegetable which gives it its character- 
istic taste and odor must remain relatively constant. It may vary 
slightly in concentration but must never fall below threshold concentra- 
tion. Since it appears that caterpillars can neither taste nor smell 
better than we can, the substance in the food plant by which the larva 
recognizes it undoubtedly remains quite constant in concentration. 
Thus in examining a plant for this unknown, we may reject all sub- 
stances which are peculiar to particular times and conditions. 

Using this method we may hope to determine what substances at- 
tract different larve to different plants. In the case of the milkweed 
butterfly experiments seem to indicate that the substance determining 
the choice of this species of larva is the milkweed latex or some sub- 
stance contained therein. The compound or compounds in the latex 
which give it its characteristic taste and odor are the attractants which 
we seek, 
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STUDIES IN THE PIGMENTARY SYSTEM OF CRUSTACEA 
I. Coton CHANGES AND DiuRNAL RHYTHM IN LIGIA BAUDINIANA 


L. H. KLEINHOLZ 


(From the Bermuda Biological Station for Research, Inc., and the Biological 
Laboratories, Harvard University)? 


In the summer of 1936, while engaged in collecting near the bio- 
logical station at St. George’s West, I noticed distinct color differences 
in specimens of an isopod that was very common on the rocky ledges 
along the shore. The animals on the black porous rock above the high- 
tide mark were dark-grey or black, while those feeding on the alge 
and other plant material covering the limestone of the intertidal zone 
were always yellowish-white in color. Closer observation led to the 
belief that this difference in coloration was due, not so much to morpho- 
logical variations in pigment distribution, as to an active physiological 
concentration and dispersion of pigment within cells. It was therefore 
decided to investigate more fully the chromatophoral behavior in these 
isopods which were identified as Ligia baudiniana. 

The mechanism of chromatic change in the isopod crustaceans has 
not been definitely established. Following the early studies of Pouchet 
(1876) on the color changes of decapod crustaceans, Matzdorff (1883) 
published a report on the coloration of Jdotea. He was of the opinion 
that chromatophoral activity was under the control of the nervous 
system, but decided that the inconclusive results obtained by severing 
the ventral nerve cord were to be attributed to injury brought about 
by the operative manipulation. Menke (1911), in a study of the 
rhythmic activity of color changes in isopods, believed that the mecha- 
nism for such responses was based upon physiologically innervated 
melanophores, referring in support of this to a figure of an innervated 
chromatophore from the integument of a young Philoscia in Weber’s 
(1881) paper. It appears from a study of the figure that the nerve 
fiber supplying the chromatophore is a process of a peripheral nerve 
cell, the other processes of which supply the sensory (?) hairs on the 
body. The relationship, however, is not very evident and no further 
anatomical detail is given. The implication drawn from the illustration 

1 This study was made possible by a grant from the James F. Porter Fund 
of Harvard University. I wish to thank Dr. J. F. G. Wheeler, Director, for the 


many kindnesses shown me during my stay at the Bermuda Station. 
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was that chromatophoral activity depended upon a local receptor-ef- 
fector mechanism, a condition which subsequent study of blinded 
animals failed to confirm (Tait, 1910). Menke reported that section 
of the ventral nerve cord had no effect on metachrosis, but that the 
chromatophores became dispersed if the dorsal side of a segment were 
cut without damaging the dorsal vessel. 

Several years later, Perkins (1928) and Koller (1928) showed that 
pigmentary changes in the decapod crustaceans were under the control 
of an endocrine substance that had its origin in the eye-stalks. When 
appropriate extracts of the eye-stalks of Palemonetes were injected 
into shrimps which had become dark as a consequence of their having 
been kept upon a black background, the animals soon became light due 
to a concentration of pigment within the integumentary chromatophores. 
Perkins’ studies on Palemonetes were confirmed and extended by Brown 
(1935), who believes that the chromatic components of the pigmentary 
system are controlled by separate hormones. 

Extensive experiments by Kropp and Perkins (1933) and by Han- 
str6m (1935) established the presence of a humoral chromatophore 
activator in the eye-stalks of a wide variety of crustaceans. Hanstrom, 
in addition, has located two organs suspected of glandular function in 
the eye-stalks of many decapods, and one of these, the blood gland 
(Bliitdruse), he believes chiefly responsible for the control of pigmen- 
tary activity. In some crustaceans, Gebia affinis and Hippa talpoida, 
these glands are present, not within the eye-stalk, but in the head on 
the surface of the brain. This was confirmed by experiments which 
showed that extracts of the eye-stalks of these two crustaceans when 
injected into blinded Palemonetes, had no effect upon the dispersed 
chromatophores, while extracts of the heads were as active in effecting 
concentration of the pigment cells as were preparations from the eye- 
stalks of Palemonetes. 

In view of these advances in the study of color changes of decapod 
crustaceans, it was thought advisable to study melanophore activity in 
the isopods with regard to endocrine control. 


MATERIALS AND METHODS 


Specimens were collected along the shore where the isopods are 
found in large numbers, feeding upon the plant material that is un- 
covered by the ebbing tide. The animals were obtained by lifting rocks 
and dropping them into a wooden bucket, the impact being sufficient 
to jar the individuals loose from the under sides of the stones. Col- 
lections were made daily to insure a supply of normal, active individuals. 
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In following the responses to changes in color of background, a 
large white porcelain dish, the bottom of which was covered with moist 
white sand, served as a white background. For adaptation to black 
backgrounds a glass bowl, the outside of which had been covered with 
black paint, was used, the sand for the bottom of this vessel being mixed 
with an equal amount of pulverized coal. The containers were illumi- 
nated by light from a 60-watt lamp at a distance of 18 inches. 

It became necessary during the course of these experiments to 
observe the reactions of blinded Ligia. Blinding by extirpation of the 
sessile eyes was unsatisfactory because the ensuing hemorrhage invari- 
ably caused the death of operated individuals. Such operations were 
eventually abandoned and blinding was accomplished by covering the 
eyes with an opaque mass, obtained by mixing plaster of Paris and 
lampblack with a little water. This mixture was applied over the head 
so that the eyes were completely covered, and, after being allowed to 
dry, was coated with a thin layer of waterproof paste to prevent 
moistening and crumbling. 

Extracts of the heads of Ligia were prepared in various concentra- 
tions to determine the possibility of an endocrine factor in pigmentary 
changes. These were prepared in two ways: in one, the heads were 
crushed and ground with 1.0 cc. of sea-water in a mortar, most of 
the coarse detritus was separated off, and the remaining fluid drawn 


directly into a hypodermic syringe for injection; the second method 


was essentially the same, except that the triturated heads were trans- 
ferred to a test tube and brought to a boil. The heat was sufficient to 
clump most of the solid material so that the supernatant fluid was 
almost water-clear. The solution was allowed to cool and was then 
drawn into the syringe. 

In the experiments where such extracts were injected, the pigmen- 
tary condition of the specimen was first examined by means of a dis- 
secting microscope, and observations were again made within 10 minutes 
after treatment. Care was taken, when injecting, to insert the needle 
dorsally into the body spaces, well anterior to the heart (usually 
between the fifth and sixth thoracic segments), to avoid loss of body 
fluid. Control injections consisted of both boiled and ordinary sea 
water. 

CoLtor PATTERN 


The dominant and most obvious component of the chromotophore 
system in Ligia consists of cells containing a black pigment, possibly 
a melanin. These pigment cells are distributed over the entire surface 
of the animal, being more numerous and apparently smaller in size 
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on the dorsal side, especially in the region of the mid-line; they are 
less densely aggregated near the lateral margins of the tergites (Fig. 2). 

A second component of this system consists of white pigment. 
This occurs in many individuals as rather large clusters on the posterior, 
dorsal surface, and, by examination with the low powers of the dis- 
secting microscope, does not appear cellular. In addition to massed 


TABLE I 


Responses of the melanophores of Ligia baudiniana to changes in background. 











Series I 


. he Condition of melanophores 
Time after transfer of 7 
dark specimens to a 

white background A B 





5 minutes 7 
10 minutes 1 
20 minutes 
35 minutes 


Series II 





Time after transfer of 


above white specimens A B 
to a black background 





17 minutes 1 
95 minutes 
240 minutes 1 
300 minutes 


Series III 


Time after transfer of 7 
dark specimens to a A 
white background 





30 minutes 








5 minutes 7 | 


pigment there are, however, definite cells containing this white sub- 
stance. Such “ guanophores ” appear to show a limited activity in the 
concentration and dispersion of their pigment, but close observation 
of their behavior was not undertaken in this study. A yellow pigment 
of some sort is also present and is most noticeable in preserved speci- 
mens. This combination of body colors is very effective in maintaining 
a concealing coloration of the animals in their native habitat. 
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TABLE II 


Responses of Ligia to injection of extracts. The concentration per cc. designates 
the number of heads triturated in 1.0 cc. of sea-water. Ew, extract prepared from 
white-adapted specimens. E>», extract prepared from black-adapted Ligia; Az, 
black-adapted isopods were injected; Aw, white-adapted animals were injected. 
In Series I, the extracts were prepared from background-adapted animals, in Series 
II extracts were similarly prepared and boiled. Extracts for Series III were pre- 
pared unboiled, from specimens during the two conditions of diurnal activity, while 
in Series IV similar extracts were boiled previous to injection. 








Series | 





Ew into Ap Ey into Ap E» into Ay 





Concentra- | | ' | \ 
tion per cc. No. of | No. of | No. of 
Ligia | 0 3 > Ligia A B » Ligia 
inject. inject. inject. 

| | } 


| 
| 


11 
10 

9 
10 
10 








Total 




















| 


Series II 





| 
| 
| 
| 
| 


| 
| 
ae 





Series III 





Total. . 
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TABLE II (cont.) 
Series IV 


Ey into Ap E» into Ap E» into Aw 


Concentra- 
tion per cc. | No. of 
Ligia 
inject. 





+ 
4 
+ 
+ 


ar, > 








>> > > 


} 


ur Pb > PP 





16 









































| 
| 
| 





* Specimen died. 


Cotor ADAPTATIONS TO BACKGROUNDS AND EFFECTS OF BLINDING 


The surmise that there was a physiological color change in adapta- 
tion to the color of the background was confirmed by testing the re- 
sponses of specimens in the laboratory on black and on white back- 
grounds (Table I, and Figs. 2 and 3). The melanophore changes of 
the black-adapted Ligia of Series I and Series III were recorded after 
the animals were transferred to a white background. The specimens of 
Series II were those of Series I which had become adapted to the white 
background and were then transferred to the black vessel as a converse 
experiment. The conditions of the melanophores recorded in Tables I 
and II are designated by the symbols used in Fig. 1. The color changes 
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B Cc 


Fic. 1. Outline drawings of melanophores, showing the conditions of the 
cells in four stages from dispersion to concentration of pigment. O, the maximally 
dispersed state, with many delicate processes visible; A, beginning of concentra- 
tion, the distal processes of the cells losing their delicate tracery, and ending in 
blunt rounded knobs; B, the stellate condition; C, the punctate state, with the 
nucleus obscured by the pigment granules. 


in response to background are seen (Table I) to be more rapid during 
concentration than during dispersion, being in this respect similar to 
the behavior of the chromatophores in Palemonetes. 

It became desirable after these preliminary experiments to observe 
the color reactions of blinded Ligia. For the isopod crustaceans, Tait 
(1910) reported darkening of Ligia oceanica when the eyes were 
covered with an opaque mass, and Piéron (1914) obtained similar re- 
sults with blinded Jdotea. In the decapods, however, differing types of 
responses have been found, depending upon the method of blinding em- 
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ployed by the investigator, and upon the crustacean studied. In operat- 
ing upon the pedunculate eyes of the decapods, two methods of blinding 
are possible. One procedure is to remove or destroy the retina only; 
the second method is to excise the entire eye-stalk, thereby removing 
Hanstrém’s blood-gland in addition to the retina. The pigmentary 
changes in the animal resulting from the second type of operation are 
due more to deficiency of the chromatophorotropic hormones from the 
blood stream than to destruction of the retina. 

With Palemonetes, which does not possess a melanophore system 
in the body pigment, Brown found that cauterization of the retina re- 
sulted in a loose concentration of the red pigment and a half-way dis- 
persed condition of the yellow pigment cells. Ablation of both eye- 
stalks, however, effected a full dispersion of the red and the yellow 
chromatophores and random variations in the white pigment cells. Carl- 
son (1935, 1936) in studying Uca pugilator, which possesses melano- 
phores in the pigmentary system of its integument, found that removal 
of the distal thirds of both eye-stalks had no effect on the pigment cells, 
whereas total removal of both stalks (the blood-gland is located in the 
middle third of the eye-stalk) caused a permanent concentration of the 
melanophores and the erythrophores, while “ the yellow chromatophores 
were slightly more contracted than the stellate state, and the white ones 
a little more expanded than that state.’ Abramowitz (1935) also re- 
ported concentration of the black pigment cells and dispersion of the 
guanophores of Portunus anceps, following total removal of the eye- 
stalks. The pigmentary reactions of the two brachyurans to these op- 
erations parallel the color changes of many of the lower vertebrates 
after hypophysectomy. There is a striking similarity in physiological 
effect between crustacean eye-stalk extract and the melanophore-dispers- 
ing principle of the vertebrate hypophysis, as reported in recent studies 
by Abramowitz (1936a, 1936)). 

In preliminary tests a number of Ligia were blinded by removal of 


the eyes with a spear-point needle. Such specimens, with their melano- 


phores initially punctate, became darker after the operation, but it was 
thought advisable to repeat the experiment, using a technique that in- 
volved less injury to the animal. Similar results were obtained when 
10 white-adapted Ligia were blinded by covering the eyes with an 
opaque mass. The melanophores of all 10 isopods became maximally 
dispersed within an hour ; five minutes after this last observation (3:45 
P.M.) the specimens were placed in the dark-room, and when examined 
later in the evening (5:30 P.M.) 4 of them were light, 3 were inter- 
mediate, and 3 were still dark. The next morning (at 8:00 A.M.) of 
5 surviving animals, 4 were dark and 1 was intermediate in color. 
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These confusing results became more intelligible when further ob- 
servations showed that the isopods underwent a diurnal rhythm in 
melanophore activity in constant darkness. Under such conditions the 
pigment in the black cells was dispersed during the day and concen- 
trated at night. Upon an illuminated black background, however, the 
rhythm did not appear at night; the isopods remained dark. The fol- 
lowing notes on a series of animals in the dark-room indicate the pig- 
mentary condition of the isopods : 


June 23 10:30 P.M. Six white Ligia with melanophores punctate 
were placed in the dark-room. 

June 24 9:00 A.M. Two specimens are still light; 4 are dark with 
the melanophores dispersed. 

June 24 6:30 . Same as at 9:00 A.M. 

June 24 10:45 . Six specimens are light: in 3 the melanophores 
are punctate, while in the remaining 3 they 
are punctate and stellate. 

June 25 10:15 A.M. All specimens are dark: 4 with melanophores 
maximally dispersed; 2 show them stellate 
and slightly more dispersed. 

June 26 12:30 A.M. All 6 isopods are light with the melanophores 
punctate. 

June 26 10:30 A.M. Six specimens are dark. 

June 26 4:30 P.M. Same as at 10:30 A.M. 

June 26 10:15 P.M. All the animals are light. 


Unfortunately the critical times during the day when these rhythmic 
changes were initiated could not be determined. It became evident that 
considerable variation existed in the onset of the changes, and that such 
variation might be due to the effects of captivity. There could, how- 
ever, be no doubt of the existence of a pigmentary rhythm, since it was 
observed repeatedly both under laboratory conditions and at night in 
the natural habitat of the isopods. 


EFFects OF INJECTING EXTRACTS 


Hanstrom (1935) showed that the activity of crustacean eye-stalk 
extracts in concentrating the dispersed chromatophores of blinded 
Palemonetes was correlated with the presence of the blood-gland in the 

EXPLANATION OF PLATE I 

Fic. 2. On the left is a specimen that has been darkened by exposure to a 
black background; on the right an isopod adapted to a white background. The 
photograph was taken from Ligia which had been killed with hot water and pre- 
served in formalin. 

Fic. 3. Appendages from white-adapted and black-adapted individuals, show- 
ing the two extreme conditions of the melanophores. 
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eye-stalks used. Stalk extracts from the eyes of Gebia affinis and 
Hippa talpoida were ineffective in concentrating dispersed chromato- 
phores because the blood-gland is absent from the eye-stalks of these 


crustaceans. Extracts prepared from the heads of these two decapods 
are active because the organs presumed to be of endocrine function are 
located on the surface of the brain. Since the eyes of Ligia are sessile, 
entire heads of specimens were used in preparing extracts. The bodily 
changes in color following the injection of extracts prepared from speci- 
mens in different pigmentary conditions are indicated in Table IT. 

It is evident that black-adapted specimens responded to such treat- 
ment by a concentration of their melanophores, while white-adapted 
isopods showed no change. Control injections of sea-water into 42 
black-adapted Ligia were without effect on the dispersed melanophores 
of 37 individuals, while 5 animals became perceptibly lighter in color. 
These 5 specimens were part of a group of 14 isopods that were in- 
jected at night (11:15-11:45 P.M.), a time when specimens in the 
dark-room are light because of the diurnal periodicity. 

The behavior of the black pigment cells, following injection of the 
extract into Ligia, is in striking contrast to that of the melanophores of 
Uca. Carlson (1936) and Abramowitz (1936) have shown that the 
dark coloration may be restored to blinded Uca by the injection of eye- 
stalk extracts. The responses of the melanophores of the two brachy- 
urans when compared with the diametrically opposite behavior of those 
in Ligia may be due to some fundamental difference in the nature of 
the pigment cells (vide, Bigney, 1919, on the responses of retinal and 
body pigments of frogs to adrenalin), or it may be due to the existence 
of two different hormones, one causing concentration and the other 
effecting dispersion of the black pigment. Unfortunately, critical ex- 
periments to decide this second possibility were not performed. 

The phenomenon of a diurnal rhythm in the activity of the chromato- 
phores and retinal pigments of crustaceans is now well known through 
the work of Keeble and Gamble, Menke, Piéron, and Welsh. The basis 
for this activity is, however, less well understood. Piéron believed the 
color changes of Jdotea to be due to a nervous mechanism, and said of 
the rhythmic changes, “ the nervous centers can periodically control the 
reflex without being directly stimulated by the sensory impressions (re- 
ceived by the eyes).” In view of recent developments showing that the 
pigmentary activities of the body and the retina are under hormonal in- 
fluence (Perkins, 1928; Kleinholz, 1936), Piéron’s explanation should 
be revised to allow for the humoral factor. 

Several interesting speculations as to the basis for this diurnal ac- 
tivity have been put forward by Welsh (1936) and by myself. Welsh 
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suggests, “ There may be a rhythmic secretory cycle in the gland which 
continues under constant conditions or the situation may be much more 
complex and the rhythm in the eye may only accompany a general 
rhythmic activity which results from a series of changes involving the 
nervous-endocrine systems.” A third possibility, supplementary to the 
first suggestion, is that the rhythm may be due to a diurnal cycle of ex- 
haustion and elaboration of the secretory material when the animal is 
maintained under constant conditions. 

Physiological tests fail to substantiate this last possibility. Ex- 
amination of the data in Table II shows that extracts prepared from 
specimens of Ligia in the two diurnal pigmentary conditions are 
practically equally effective in causing concentration of the dispersed 
pigment in the melanophores. The greater activity of boiled extracts 
has been reported in similar observations by Perkins and Snook (1931) 
and by Hanstrém (1935). 

There is as yet no direct evidence favoring either of the two remain- 
ing possibilities. More complicated reactions than are at present indi- 
cated may be involved in such periodic pigmentary changes. While 
neither of these hypotheses really clarifies the means by which the 
rhythmic activity originates, such assumptions are of assistance in nar- 
rowing down the number of systems to be studied in the hope that 
eventually more light may be thrown upon the nature of this phe- 
nomenon. 


SUMMARY 


1. The bodily changes in color of Ligia baudiniana upon black and 
upon white backgrounds are due chiefly to a dispersion and concentra- 
tion of pigment granules within melanophores. 

2. When the animals are kept in constant darkness, there is a diurnal 
rhythm in pigmentary activity, the isopods being dark during the day, 
and light at night. 

3. Injection of aqueous extracts of heads into the body spaces of 
dark Ligia brings about lightening in color by a concentration of the 
melanophores. 

4. Extracts from the heads of dark and of light specimens in the 
two conditions of diurnal rhythm are practically equally effective in 
concentrating the melanophores of dark isopods. It may be concluded 
from this that the diurnal pigmentary activity is not due to a cycle of 
exhaustion and elaboration of secretory material in the endocrine gland 
controlling the color changes. 
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THE MITOTIC RATE IN TADPOLE SKIN AFTER 
REPEATED INJURY? 


JOHN ANDREW CAMERON 2 


(From the Department of Zodlogy, University of Missouri, and from the Marine 
Biological Laboratory, Woods Hole, Mass.) 


The epidermis of frog tadpoles usually shows a very low rate of 
mitotic division (Cameron, 1936a, 1936b). The present report is based 
on an attempt to set up a situation highly favorable to active mitosis. It 
was thought important to ascertain whether the consistently low rates 
obtained had been determined by specific inhibiting factors related to the 
age and development of the animal, the time of year, the existence of 
mitotic rhythms, or the manner of feeding and maintaining the tad- 
poles used in previous work. 


MATERIAL AND METHODS 


Bullfrog tadpoles about six centimeters long were used. Care was 
taken to reject those showing signs of metamorphosis. Each was kept 
in a one-liter beaker half full of water, the beakers being surrounded by 
a water bath at 25° C. Eight 150-watt Mazda lamps, inside frosted, 
with reflectors, were grouped 18 inches above the water level in the 
beakers. Constant illumination was provided from 6:00 A.M. to 9:00 
P.M. daily. Black curtains excluded stray light during the remaining 
hours. The bath and lights, with their electrical control system, were 
kindly supplied by Professor Albert Saeger. 

After the tadpoles had been 24 hours in the bath, the posterior half- 
centimeter of the tail of each was cut off and fixed in Bouins fluid. 
Successive half-centimeter pieces were taken at 24-hour intervals. Each 
cut was approximately at right angles to the tail axis. Beginning with 
the second amputation each piece of tissue had for its anterior face a 
freshly cut surface and for its posterior face a surface which had been 
cut 24 hours earlier. The four lateral faces were covered with original 
epidermis which had contributed cells for the covering, by migration, of 


‘ 


one or more “ posterior face” surfaces. 
1 This study was aided by a grant from the Committee on Radiation of the 
National Research Council to W. C. Curtis. 
2 Research Fellow in Biology, Harvard University. Fellow of the General 
Education Board. 
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Each block of tissue was cut into vertical sagittal sections 10 » thick 
and stained with Mayer’s hemalum and orange “G.” Thus each 
microscopic section of any piece, after the first or tail-tip piece, had 
along its posterior border a surface over which cells had migrated dur- 
ing the previous 24 hours, unless the section was a lateral surface 
section. 


TABLE [| 


Data from a tadpole in which each injury was covered by migration within 
twenty-four hours. 


Mitoses per 


Previous | Average cells Sections Mitoses 
i 10,000 cells 


injuries per section counted counted 


0 y 
2,100 26 
2,340 30 
4,000 | 36 
1,800 | 49 
2,400 | 45 

950s 60 
2,300 | 64 


OCOnauwFr wn 
Ur wrhNe 


sm 


| | 
35 51 





TABLE II 


Data from a tadpole in which all but the last two injuries were covered by migration 
within twenty-four hours. 








Previous Average cells Sections 
injuries per section counted 


Mitoses per 
10,000 cells 


Mitoses 
counted 





— 


| 
10,300 | 14 | 56 
10,040 | 11 35 
4,800 12 18 
2,150 13 5 
3,800 | 21 15 
5,100 | 22 22 
3,800 | 31 151 
3,500 | 42 732 
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The mitotic figures in all the epidermis of every fifth section of each 
piece were counted at a magnification of 660 x. Mitotic figures were 
found in the original epidermis and very rarely in “new” epidermis 
formed by migration within 24 hours after injury. Rates per 10,000 
cells have therefore been taken from the ratios of total mitoses to num- 
ber of non-migrated epidermal cells. Average numbers of cells per 
section were obtained by counting selected sections from the region 
midway between the first lateral and the center sections of each piece 
of tissue. 





MITOTIC RATE AFTER REPEATED INJURY 
Findings 


Tables I and II are samples of the results obtained, one for each 
of the two classes into which the tadpoles studied can be logically 
separated. 


DISCUSSION 


The experimental animals, living under conditions favoring a high 
rate of general metabolism, were subjected to successive injuries each 
requiring a greater number of cells to cover it on account of the in- 
creasing diameter of the tail cephalad from the tip. The epidermal 
cells anterior to any injury were subjected to some degree of stimula- 
tion to migrate over the cut surface and to divide, assuming that in- 
jury is the source of a stimulus to mitosis. The increase, if any, in 
relative frequency of mitosis in regions anterior to and near the suc- 
cessive wounds might be taken as an index of the degree to which 
mitosis supplied the new cells required. 

In the first animals studied no increase in the mitotic rate was 
found. In cases where seven injuries were followed by seven complete 
coverages (see Table I), the rate remained around 1 in 10,000. 
Table I is a sample of counts made by K. O. Mills. The report 
(Cameron and Mills, 1936), made at the General Meeting of the 
Marine Biological Laboratory for 1936, was based on these data. The 
rate here is definitely lower than the rate found in adult frog skin 
adjacent to areas injured by X-rays (Cameron, 1936b, Table I *). 

There were some individuals in which the latest and most extensive 
injuries were not completely covered by “new” epidermis after 24 
hours. Counts of these specimens show that the mitotic rate rises 
sharply in the neighborhood of areas not covered in the usual manner. 
Table II is an example of records of this class. The injured areas of 
the second through the sixth pieces were covered, the seventh had an 
uncovered area about one-third the diameter of the notochord, and 
the eighth had an uncovered area about the diameter of the notochord. 

The mitotic rate in the seventh is about five times the average rate 
of the previous six, and the rate of the eighth about twenty times the 
same average. The conditions associated with incomplete coverage 
within 24 hours may then be credited with a twenty-fold increase in 
the mitotic rate, and it is inferred that the low rates in the other cases 
indicate that cells were being supplied through migration. The same 
general picture is found in other specimens. 


8 This table is for 10,000 cells, not for 1,000. The figure 1,000 in the title is a 
misprint. 
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It is also possible that there is simply a cumulative or additive effect 
of all the injuries to a given tadpole which sets off a period of division 
as soon as the required threshold is attained. Certainly the conditions 
leading to failure of rapid coverage of the injured surface are closely 
related to those producing an increased mitotic rate. It also seems clear 
that even skin which has maintained a very low rate for a long period 
can be stimulated to active proliferation. 


SUMMARY 


Successive half-centimeter pieces were cut each day for eight days 
from the tails of bullfrog tadpoles. The epidermis maintained a very 
low rate of epidermal mitosis despite the great loss of cells by migration 
over the injured surfaces. Conspicuous exceptions with relatively high 
rates were found in cases where the epidermis failed to cover the seventh 
or eighth wound within twenty-four hours after injury. Here the 
mitotic rate reached a value twenty times the previous average rate. 
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OBSERVATIONS ON TWO TYPES OF RESPIRATION 
IN ONCHIDIUM * 


LESLIE B. AREY 


DEPARTMENT OF ANATOMY, NORTHWESTERN UNIVERSITY MEDICAL SCHOOL 


Onchidium is a small, naked, pulmonate mollusk which is remarkable 
because of several conspicuous peculiarities. The habitat of Onchidium 
is littoral-marine and the animal divides its existence between life in the 
water and in the air. A daily sally from the cavernous nests in the 
eroded rock in which these animals live is followed by a return governed 
by precise homing behavior (Arey and Crozier, 1921). The mantle of 
some species bears eyes with retinulae of the inverted type—a condition 
unique among gastropods (Semper, 1877; Stantschinsky, 1908; Hir- 
asaka, 1912). The presence of lungs, except as analogues adapted from 
a portion of the kidney, was long denied, but this error has since been 
corrected. 

Cuvier (1805) was the first to describe lung cavities in Onchidium, 
but this observation gave way later to other interpretations. Milne- 
Edwards (1857) considered the pouch hitherto described as lung to be 
kidney, like that of other gastropods. This view was revived by v. 
Ihering (1877), who interpreted the so-called lung of Onchidium as 
being comparable to the broadened cloacal portion of the kidney of some 
other marine forms. This he thought had undergone a partial func- 
tional change from a primarily secreting organ to a respiratory sac. 
The conclusions of v. Ihering were enthusiastically supported by 
Joyeux-Laffuie (1882). On the other hand, Semper (1876) argued 
for the existence of two separate though juxtaposed organs and in this 
opinion he was joined by Bergh (1895) and especially by v. Wissel 
(1898). As the results of the investigations of these latter workers, 
the Onchidium family became removed from the nudibranchs and now 
rests securely once more among the pulmonates. 

As to the mode of respiration employed, Cuvier considered it to be 
solely pulmonary. In opposition stand Ehrenberg (1831), Milne-Ed- 
wards (1857), v. Ihering (1877), Vaillant (1871), Joyeux-Laffuie 
(1882) and others who have argued for two types of respiration, cu- 
taneous and pulmonary, but with the latter playing a subordinate role. 

1 Contribution No. 241. The observations were made at the Bermuda Biologi- 


cal Station for Research, Inc. 
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Only v. Wissel has considered the lungs to be the major organs of 
respiration when the animal is out of water. 


Recently an opportunity has come to supplement earlier studies 
(1919a@; 19196 ; 1921) on the natural history and behavior of Onchidium 
floridanum Dall, an Antillean species common at Bermuda. Among the 
new observations are some dealing with respiration. Since the opinions 


expressed hitherto have not always been drawn from the living animal, 
the recording of certain direct observations should be of value and in- 
terest. 

Onchidium floridanum spends the major part of its existence in 
eroded cavities in the soft Eolian limestone which constitutes the rocky 
shores of Bermuda. These cavernous nests, often the size of one’s fist 
or larger, are intertidal in position and communicate to the outside by 
small, cleft-like apertures so overgrown with Modiolus as to be wholly 
inconspicuous. It is remarkable to observe how Onchidia, some 2 cm. 
in length, can insinuate themselves through such narrow openings. 
Once a day, but only during daylight hours, the animals of a colony 
leave their nest to wander about on the neighboring intertidal rocks, 
feeding on the felt-work of alga which carpets them. Emergence is at 
a fixed time when the receding tide has dropped a definite distance 
below the nest. The feeding period lasts for an hour or so, after which 
a return is made to the appropriate home nest through the operation of 
precise homing activities, as has been related elsewhere (Arey and 
Crozier, 1921). The emergence and return of a colony involves a 
roughly simultaneous group activity, although it seems clear that not all 
members of a communal group come out at every feeding period. Cer- 
tain it is that on some occasions relatively few individuals are to be seen 
in the open, while during stormy weather or when the proper tidal period 
comes too close to darkness all animals may stay within their places of 
refuge. During the periods of several hours, twice a day, when the 
nests are left above tidal level, the Onchidia are for the most part ex- 
posed to the air, although retained water and water seepage from the 
porous rock keep the nest very wet. By contrast, during the feeding 
period the animals are commonly exposed to the direct rays and baking 
heat of the semitropical sun. 

The mantle of Onchidium floridanum, like most of its allied species, 
is thickly studded with large numbers of tiny, rounded elevations which 
can properly be designated as short papille. These are far smaller 
than the long, branching ones figured by Plate (1894) for O. savignyi 
and O. verruculatum. Moreover, the peculiar tegmental eyes with in- 
verted retinulz, as described for some species by Semper (1877) and 
others, are lacking. The vascular relations in these short papillz can 
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be inferred from the injections of Joyeux-Laffuie, who has described the 
arrangement of blood vessels in similar papilla of O. celticum as consti- 
tuting a rich network supplied by an afferent and an efferent vessel. 
The sum total of this vascular, tegmental plexus furnishes an adequate 
structural basis for cutaneous respiration. On the other hand, the 
paired pulmonary sacs are cavernous structures which are also well 
vascularized. They are situated near the caudal end of the animal and 
open by a prominent, sphincter-guarded aperture located in the midplane 
just behind the foot. 

It would seem that the respiration carried on under water must be of 
a cutaneous, tegmental nature. This conclusion is enforced by the ob- 
servation that the pulmonary aperture closes and remains tightly shut 
when the animal is submerged. The adequacy of prolonged cutaneous 
respiration for the needs of the animal is shown by the fact that speci- . 
mens can be kept submerged for a month without any noticeable im- 
pairment. Nevertheless, there is one further characteristic feature of 
the aquatic life of Onchidium which merits mention with respect to cu- 
taneous respiration. When submerged, these animals tend to be highly 
inactive and this necessarily reduces their oxygen requirements to a low 
level. Yet it is difficult to devise experiments which will reduce mantle 
respiratory exchanges to a degree that clearly proves the indispensibility 
of this organ in respiration. Attempts to eliminate mantle respiration 
through the administration of coats of collodion, varnish or even stiff 
vaseline lead to technical difficulties, and in some instances unphysiologic 
involvements, so that crucial evidence fails. 

The proof that the lungs are actually used, but only while the 
Onchidia are active and exposed to the air, is sufficiently convincing. 
In the water the closing of the pulmonary vent is a reflex through water 
contact, as is shown by the following experiment. If, while the aper- 
ture is open in the air, the animal be flooded locally with water, the 
sphincter closes and remains closed as long as it is surrounded by water. 
In the air, on the other hand, the pulmonary aperture not only opens but 
becomes a prominent orifice, 0.5 mm. or more in diameter. When the 


animal then crawls about, the posterior portion of its mantle character- 


istically elevates ; sometimes this is on one side, but usually the extreme 
posterior end is raised into an arch, high above the substrate, leaving the 
pulmonary aperture fully exposed. If an animal be held on its back 
and vaseline be then smeared over this opening, the orifice opens from 
time to time and a bubble of air is forced into or through the vaseline. 
Similarly, when an Onchidium is returned from air back to water, a 
small air bubble usually appears soon at the pulmonary vent. In the air 
such an unbroken bubble can at times be observed to disappear by being 
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drawn into the lung cavities, only to reappear again. Attempts to 
render the lung sacs functionless through injecting their cavities with 
vaseline were not successful due to the closed nature of the system. 

In the absence of quantitative measurements it is impossible to con- 
clude with any finality as to which mode of respiration in air is the more 
important. Most writers have considered cutaneous respiration as pri- 
mary and have relegated the lung sacs to a subordinate position. On 
the other hand, v. Wissel alone credits the lungs with performing the 
chief respiratory work under these conditions since he believes that 
slime, secreted in the air to counteract drying, is an effective block to 
tegmental gaseous interchanges. This conclusion probably does not rest 
on a secure basis since the degree to which slime would render the 
mantle functionless in air is quite problematical. To carbon dioxide it 
should constitute no serious impediment although oxygen probably dif- 
fuses less readily. Nevertheless, the slime coat is never thick and, 
moreover, it is my experience that although Onchidia emerging from a 
nest are apt to bear a slime pellicle, yet this is usually scraped off by the 
Modiolus that crowds the entrance. Certainly animals feeding in the 
open are generally rather clean of such investments. But even though 
the lungs may take over the major role of respiration in the active ani- 
mal out of water, one must not overlook the fact that Onchidia may live 
for long periods in the air under conditions where pulmonary respira- 
tion is seemingly excluded. Thus, animals placed in a covered glass 
jar, partly filled with water, tend to frequent the air rather than the 
water and for the most part become highly inactive. When assuming 
such inactivity they contract down against the glass in a hemispherical 
mass; by contrast, the shape of the crawling animal is definitely 
elongate, with a length some three times the body breadth. When 
quiescent and contracted, with mantle and foot in close contact with the 
substrate, it seems extremely doubtful that pulmonary respiration can 
be brought into play. In this semidormant state the animals may re- 
main entirely inactive for long periods, perhaps for a day or more. It 
is possible that this observation signifies that cutaneous respiration in 
air is more efficient than in water. It may well be that interchanges with 
the air take place through the moist, papillate mantle better than with 
water which is relatively low in oxygen content. In any event, most 
individuals select the air-filled half of the jar. 

The higher efficiency of respiration in air is perhaps supported by 
a further observation. Animals whose mantles had been subjected re- 
peatedly to faradic stimulation in order to exhaust their repugnatorial 
glands were returned into a jar of water. Such stimulation constitutes 
a sufficiently severe treatment so that some animals may succumb. Most 
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of this particular lot remained quiescent on the bottom of the jar and by 
the next day were in poor condition. On the third day they were im- 
mobile and scarcely responsive to tactile stimulation ; some had already 
died. They were then transferred to a moist, but not water-filled, jar, 
whereupon most of them improved remarkably and some time later 
seemed recovered. Other animals subjected to similar faradic treat- 
ment, but placed in a moist jar from the beginning, kept in good con- 
dition. 


CONCLUSIONS 


Onchidium floridanum respires cutaneously, and chiefly through its 
numerous though short mantle papilla, both when submerged and when 
quiescent in the air. Under both of these environmental conditions the 
pulmonary aperture remains closed and the lungs are inoperative. 
When given a choice, most animals select the air for long periods of 
quiescence. 

When an animal, out of water, is actively crawling, the posterior 
portion of the mantle is raised from the substrate to expose the opened 
pulmonary orifice and facilitate pulmonary respiration, the existence of 


which is demonstrable. The lungs could be of considerable service 
during such periods of activity and it may be that they actually dominate 
the terrestrial respiration of active animals. Such a conclusion, how- 


ever, does not rest on any sound evidential basis and the lungs may 
serve merely as accessory respiratory organs when the animals are out 
of water and active. 

If the lungs be subordinate in the terrestrial respiration of active 
Onchidia, in addition to their disuse during aquatic life and inactive air 
existence, then the lungs of this pulmonate (which has secondarily ac- 
quired marine habits) have indeed sunken to a low functional state. 
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OVARY TRANSPLANTS IN DROSOPHILA MELANO- 
GASTER: STUDIES OF THE CHARACTERS 
SINGED, FUSED, AND FEMALE-STERILE 


C. W. CLANCY AND G. W. BEADLE 


(From the William G. Kerckhoff Laboratories of the Biological Sciences, 
California Institute of Technology, Pasadena) 


INTRODUCTION 


In Drosophila melanogaster several mutant types are known which 
are characterized by female sterility. Three of these, singed (sn, 1- 
21.0; bristles and hairs have singed appearance), fused (fu, 1-59.5; 
longitudinal veins 3 and 4 fused at base), and female-sterile (fes. 
2-6 +; ovaries undeveloped), have been studied by transplanting 
ovaries from mutant flies to wild type hosts and vice versa in order to 
determine whether, under these conditions, there is any detectable in- 


fluence of the tissues of the host on the development of the implant 


In connection with the transplants involving singed, an attempt was 
made to determine the influence of certain variations in genetic constitu- 
tion and of relative development on the frequency with which an im- 
planted ovary becomes attached to the genital ducts of the host. These 
studies of frequency of attachment were made primarily for the pur- 
pose of providing a measure of the usefulness of the method of gonad 
transplantation in Drosophila as an experimental tool. 


MATERIALS AND METHODS 


The methods of collecting eggs, culturing larve, and of making 
the transplantation operations were essentially similar to those given 
by Ephrussi and Beadle (1936). Unless stated otherwise, all trans- 
plantation operations were made on individuals in the late larval stage 
of development within 24 hours of puparium formation, and donor and 
recipient larve were of approximately the same absolute age. 

Stocks of the three mutant types were made up in such a way that 
an eye color gene, known to affect pigmentation of the Malpighian 
tubes (Beadle, unpublished), was carried in the same chromosome as 
that in which the sterility gene in question is located. In this way 
larve homozygous for the sterility gene could be selected at the time 
the operations were made. The actual stocks used were w*sn/CIB 
xX wesn, w fu/CIB * w fu, and fes It/Cy, sp? X fes It. 
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In those experiments in which it was desired to determine the na- 
ture of the eggs laid by a given female, mature females into which 
ovaries had been implanted were placed, singly, in vials, given fresh 


food, mated to males of the appropriate genotype, and observed for 
three or four days in order to note the kind of eggs laid and to collect 
any larve that hatched from them. Larve from individual females 
were transferred to culture bottles for determination of phenotype. 
At the end of three or four days each female was dissected and a record 
taken of the number of ovaries and the way in which they were at- 
tached to the oviducts. 

In the experiments dealing with frequencies of attachment of im- 
planted ovaries, advantage was taken of the fact that singed ovaries 
can be distinguished from wild type ovaries by the characteristic shape 
of mature or nearly mature eggs (shorter and blunter at the anterior 
end than are eggs produced in a wild type ovary). Thus, by aging 
mature females for two or three days, the eggs in the ovaries develop 
sufficiently so that, by dissection, it is a simple matter to determine 
whether or not the implanted ovary is attached to the oviduct of the host. 


TRANSPLANTATIONS INVOLVING SINGED 


Females homozygous for the gene singed are known to produce 
eggs visibly different in shape from those produced by wild type fe- 
males; such eggs never hatch (Mohr, 1922). Singed males show nor- 
mal fertility, and odcytes of the constitution sn/+ give rise to reduced 
eggs, sn in constitution, which develop normally after fertilization with 
either sn* or sn sperm. It is clear, then, that the two types of eggs, 
sn produced by a sn female and sn produced by a sn/-+- female, are 
differentiated by the constitution of the mother. This differentiation 
might be brought about directly in the developing oocyte or indirectly 
by means of an influence of other maternal tissues. The experiments 
reported below were carried out in an attempt to differentiate between 
these two possibilities. 

Ovaries from w*sn larve were transplanted to F, wild type larve 
derived from the cross of the two inbred wild stocks, Florida and 
Swedish-c. From 37 larve into which had been injected w®sn ovaries, 
27 gave rise to adult females. These were mated individually to w*sn 
males. Two females were lost before any record of the eggs was made, 
and one before dissection. Of the 24 females on which complete rec- 
ords were secured, it was found that 13 laid two types of eggs, one 
type judged by appearance to be sn, the other wild type. The remain- 
ing 11 females laid only wild type eggs. When these females were 
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dissected, it was found that the attachment of the ovaries to the ducts 
agreed in every case with the egg-laying record (Table I). Of the 11 
females which laid only wild type eggs, 5 had no developed implanted 
ovary. Only eggs of normal wild type appearance hatched and all 
hatched eggs that were tested by growing the larve to maturity gave 
rise to wild type flies. It is clear that none of these normal eggs orig- 
inated in the implanted sm ovary. 


TABLE I 
Summary of the results of transplanting singed ovaries to wild type female hosts 
and the reciprocal. In this and following table wild type is designated by +. 











Total progeny Result of dissection, implant 


| 

Number | 
of 

mature 

females Phenotype | Number | Attached] Free 


Implant Host Eggs laid 


Not de- 
termined 


w'sn + 
+ 
+ w’sn 
+ w*sn 
+ w’sn 





* In one female three ovaries were attached to ducts, in a second, only one wild 
type ovary present; see footnote to Table II. 
+ Three ovaries attached to ducts; see footnote to Table II. 


In making the reciprocal transplants, wild type ovaries transplanted 
to w’sn larve, 34 operations were made. Seventeen adult females were 
obtained which were mated to w*sn males. A record of the eggs laid 
was secured on 13, and the attachment of the ovaries on 8. The w*sn 
females were less vigorous than wild type females and were inclined 
to stick to the food mass or on the moist walls of the vials. As indi- 
cated in Table I, the egg-laying record and the dissection records agree 
in all cases. Here again only the eggs which were judged to be wild 
type gave rise to offspring and these were all wild type; they must have 
originated in wild type implanted ovaries. This result shows that, aside 
from the production of abnormal eggs, the reproductive apparatus of 
a singed female is able to function in an essentially normal way, i.e., 
the genital ducts, accessory glands, and external genitalia of such a 
female are functionally normal. 

It is evident from the results just described that there was no de- 
tected influence of host on implant or of implant on host, i.e., the im- 
plants developed according to their own genetic constitutions with no 
apparent influence of the genetic constitution of the host tissues. So 
far as the experiments go, the differentiation is intragonadal in nature, 
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but the possibility of extra-gonadal influences, acting before the time 
at which the transplants were made, is not excluded. 


TRANSPLANTATION OF FUSED OVARIES 


Fused females lay eggs of normal appearance but which fail to hatch 
when fertilized by sperm from fused males. According to Lynch 
(1919) such eggs show signs of development and in very exceptional 
cases (2 in several hundred) may give rise to larve which die at an 
early stage of development. Lynch (1. c.) observed, however, that if 
such eggs are fertilized by X sperm from a wild type male (or other 
not-fused males) normal development occurs. Absence of males from 
such matings indicates that fertilization by a Y sperm does not bring 
about normal development. Eggs from fu/+ females, even though 
they be fu in constitution after reduction, show normal development 
when fertilized with normal X, fused X, or Y sperm. Fused males 
are apparently normal in fertility. As pointed out by Lynch, a fu egg 
can be made good by something which happens to it before fertilization 
(development from a +/fu odcyte) or, if it develops from a fu/fu 
oocyte, by being fertilized by a not-fused X sperm. Assuming that the 
effect of the fu* gene is a positive one, we might express this in terms 
of gene activity in the following way. A fu egg arising from a fu/fu 
oocyte lacks something essential for its normal development. If a fu 
egg arises from a fu/+ odcyte, this deficiency has been made good 
before fertilization by the activity of the fu* gene directly in the odcyte 
(possibly after fertilization by the activity of the fu* gene in the polar 
body nuclei), or indirectly by the activity of the fu* gene in cells other 
than the odcyte. Whatever is deficient in a fu egg arising from a fu/fu 
oocyte can evidently be compensated for by the activity of the fu* 
gene brought in by an X sperm. The results of transplanting a fu 
ovary to a not-fused female should answer the question of whether 


the fu* gene can influence the oOcytes indirectly through tissues outside 


the ovary. 

White fused (w fu) ovaries were implanted in w*sn hosts. Singed 
females were used as hosts so as to be able to distinguish the eggs of 
an implanted ovary from those of the ovaries of the host. Of 37 w’sn 
females in which fused ovaries had been implanted, 18 laid both singed 
and fused eggs, 3 fused eggs only, 14 singed eggs only, and in 5 cases 
no eggs at all were laid. Females laying fused eggs and mated to 
fused males gave no offspring. After three days, 6 females that had 
been laying fused eggs were isolated and remated to wild type males. 
From the eggs laid during the next three days some larve hatched. 
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These were collected and placed in a culture bottle en masse. In all, 
28 flies emerged from larve collected in this manner; all were wild 
type females. 

In this experiment, as in the case of the analogous experiment with 
singed ovaries, the implanted fused ovaries behaved in all respects in 
the same way as would have been expected had they completed develop- 
ment in their original environment. Conclusions similar to those ar- 
rived at in the experiments with singed are indicated. 


EXPERIMENTS WITH FEMALE-STERILE 


Females homozygous for the gene fes have rudimentary ovaries; 
they can be distinguished from normal females by dissection one day 
or more after eclosion. Apparently the odcytes fail to grow normally. 
Homozygous fes males are fertile. 

Transplantation of wild type ovaries to fes females show that such 
an ovary can become attached to an oviduct of the host and function 
normally. Of 7 such females in which the implanted ovary had de- 
veloped, 2 produced wild type eggs which, when fertilized with sperm 
from fes males gave rise to wild type adult flies. Five females showed 
the implanted ovary normally developed but unattached. 

Of 4 wild type females in which implanted female-sterile ovaries 
had been implanted, 2 had the implant attached and in 2 the implant 
was unattached. In both cases, after aging of the females, the im- 
planted ovaries showed no more development than is characteristic for 
the ovaries of normal fes females. It is clear from the two instances 
in which an implanted fes ovary replaced a normal wild type ovary 
of the host that fes ovaries are capable of competing successfully in 
attachment with normal ovaries. 

The experiments with female sterile ovaries show that, under the 
conditions of the experiments and with respect to the characters under 
consideration, the development of ovary implants is autonomous or 
independent of the genetic constitution of the host. 

In experiments in which it is desired to recover eggs from ovaries 
grown in hosts of a different genetic constitution, the character female- 
sterile promises to be of considerable value. When one uses fes fe- 
males as hosts, no eggs develop in the ovaries of the host and all recov- 
ered eggs therefore originate in the implanted ovary. Furthermore, the 
limited development of fes ovaries minimizes the unfavorable effects of 
mechanical crowding often apparent in females with three normally 
developed ovaries. Females homozygous for the fes gene with an im- 
planted normal ovary have. been observed to lay an average of more 
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than 25 eggs per day for an interval of 10 days with no evident signs 
of decreased production at that time. 


FREQUENCY OF ATTACHMENT OF IMPLANTED OVARIES 


As pointed out above it is possible, by using donors and recipients 
which carry a gene difference at the singed locus, to determine by 
dissection of aged females whether or not an implanted ovary has 
established connection with an oviduct of the host. 

Experiments were carried out which have a bearing on three ques- 
tions: (1) Is a singed ovary on a par with a wild type ovary in estab- 
lishing a connection with an oviduct? (2) Do variations in the differ- 
ence in genetic constitution between ovaries competing for attachment 
influence the result? (3) What is the effect, on competition for at- 
tachment, of a difference in development of competing ovaries (age 
difference between donor and recipient)? Three stocks were used: 


1. F, w*sn females from the cross of two distantly related w®sn stocks, 
w*sn/CIB females mated to w*sn males from the stock yy & w*sn. 

2. F, wild type females from the cross of Florida and Swedish-c inbred 
wild type stocks. 

3. Inbred wild type stock Oregon-R-c, made homozygous an unknown 
number of generations previously by the standard inversion 
technique. 


The results of two sets of reciprocal transplants involving these 
stocks are summarized in Table II. In the first pair of reciprocal trans- 


plants, involving the two outcrossed stocks, the percentages of attach- 
ment are 75.0 and 65.3. Neither of these is significantly different sta- 
tistically from the 66.7 per cent expected on the basis of random at- 
tachment, and both are higher than the percentage (45.4) found by 


Ephrussi and Beadle (1935) in a series of miscellaneous experiments. 
Furthermore, the difference between the two values is not statistically 
significant. The second pair of reciprocal transplants, involving the out- 
crossed w*sn stock and the inbred Oregon-R-c wild type stock give per- 
centages of attachment of implanted ovaries of 44.7 and 41.7. These 
two values, again approximately equal, are significantly lower than the 
corresponding values obtained in the first pair of reciprocals, and are 
significantly lower than the 66.7 per cent expected on the assumption 
that attachment is random. 

It can be seen that in each pair of reciprocal transplants the fre- 
quency of attachment of wild type implants is higher than that of singed 
implants. However, in each instance the difference is of doubtful sta- 
tistical significance. Combining the two series so as to compare wild 
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type in w*sn with w*sn in wild type, values of 65.3 and 53.6 per cent 
are obtained, a difference aproximately 2.5 times its probable error. 
While it cannot be concluded that there is no inherent difference between 
singed and wild type ovaries with respect to the chance of their becom- 
ing attached to oviducts of the host, the experiments fail to demonstrate 
such a difference and show that, if it does exist, it must be of relatively 
little importance as compared with other differences. 

From the data tabulated in Table II it is evident that the results are 
different with the outcrossed and inbred wild type stocks. Further- 
more, reciprocal transplants give approximately equal frequencies of 


TABLE II 


Summary of data from experiments on frequency of attachment of implanted 
ovaries. In all instances listed at least two ovaries were attached to the two lateral 
oviducts of the host. In the calculated frequencies of attachment only the two 
classes with three ovaries developed, two attached, and one free, were taken into 
account. Probable errors are given with the calculated percentages. 














Three ovaries Two ovaries * | 
Percentage 
| attachment 


Host 
Implant | Implant All Implant No of implant 
| 


Implant 


free attached | attached * | attached | implant 





| 
| 
| 
} 
| 
| 


} 
.Fla/,S-c... .| w*sn | 15 45 12 75.043.8 
,Fla/,S-c | 17 32 13 65.344.6 
.| wesn | 26 21 | 2 44.744.9 


28 | 20 | 41.7448 


* In this and Table III, 26 instances are recorded of attachment of three ovaries. 
Two additional cases of such attachment are recorded in the footnotes to Table I. 
In many of the attachments of this nature one ovary appeared to be imperfectly 
attached. In no instance was a clear bifurcation of a lateral oviduct observed; often 
two ovaries appeared to have a common attachment to a single lateral oviduct. 
In several recorded instances only two ovaries were developed, sometimes both 
from the host (failure of the transplantation operation or possibly failure of the 
implanted ovary to develop), sometimes only one from the host (presumably injury 
to or destruction of a normal ovary during operation). 





attachment of the implant, high in one case and low in the other. It is 
pointed out again that in these experiments the donors and recipients 
were approximately equal in absolute age (ages controlled to within a 
period of 2 hours or less). 

It seems reasonably safe to assume that the differences in frequency 
of implant-attachment observed between the two wild type stocks is to 
be attributed to-differences in genetic constitution. The difference be- 
tween the two series and the approximate equality in attachment fre- 
quency in reciprocal transplants suggest, and are consistent with, the 
following assumptions : 
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1. Which two of three ovaries will become attached is a matter of 
chance if the ovaries of the host and the implanted ovary are at the 
same developmental stage at the time of attachment. 

2. If the implanted ovary is at a different developmental stage from 
the ovaries of the host (either more or less advanced) at the time of at- 
tachment, the implant will be at a disadvantage in competition with the 
ovaries of the host. 

3. Development of ovaries takes place at different rates relative to 
absolute age in females of different genetic constitutions. 

It should be possible to test directly the first two of these assump- 
tions by varying the relative ages of donors and recipients. There is no 
way of determining except by trial whether the low value obtained in 
the series involving the Oregon-R-c wild type stock is the result of 


TABLE III 


Results of transplants involving w*sm and Oregon-R-c (Ore-R-c) with an age 
difference between donor and recipient. 


Three ovaries Two ovaries 





Percentage 
Im- attachment 


Implant 


Age | 
Implant | younger differ- | 


| | 
or older | ence | Im- | oi: , 3 N of implant 


| = 


free ' _ 
| tached | tached 


| | hours | | 
Ore-R-c wsn | Younger | 16-23) 81.8+4.5 
wsn. | Ore-R-c | Older =| 16-24| _— 
w'sn. | Ore-R-c | Younger | 21-26) 53 | S3 | | 25.4+3.5 


* Hosts died after pupation, see text. 


slower or of faster development of the ovaries of Oregon-R-c relative 
to those of the w®*sn stock. If the former is the explanation, then by 
implanting ovaries from Oregon-R-c females into older w*sn females, 
the frequency should be decreased. If the latter is the case, then ovaries 
from Oregon-R-c females implanted into older w’sn females should 
show an increased frequency of attachment. Four combinations with 
a given age-difference are obviously possible with two given stocks. 
Table III summarizes the attachment frequencies of implants in ex- 
periments made with the Oregon-R-c and w*sn stocks where the aver- 
age age difference between donor and recipient was approximately 20 
hours. It is seen that Oregon-R-c ovaries transplanted to older w*sn 
females give a significantly higher frequency of attachment than was 
obtained in the comparable experiment without an age difference (81.8 
per cent as compared with 44.7 per cent). The reciprocal of this trans- 
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plant, w°’sn ovaries in younger Oregon-R-c females, should, following 
the assumptions made above, likewise give a high attachment frequency. 
However, when the experiment was made it was found that the hosts 
lived for more than 24 hours, appeared to pupate normally, but for the 
most part died before maturity. Four sets of transplants were made 
at separate times, and in a total of 149 operations, only two females 
reached maturity. As compared with this high mortality, the average 
mortality for all other experiments involving an age-difference was 32.2 
per cent; the mortality for the transplantation operations involving no 
age-difference was 45.5 per cent. Apparently, for some reason, the im- 
plant was lethal to the host in this particular case. 

In the only other combination attempted, w*sn ovaries implanted in 
older Oregon-R-c hosts, the frequency of attachment was lower than in 
the same combination without an age difference (25.4 as compared with 
41.7 per cent, a difference of approximately 2.9 times its probable error). 

The two successful combinations with an age difference are con- 
sistent with the assumptions listed above and indicate that, if these as- 
sumptions are correct, the ovaries of Oregon-R-c females are develop- 
mentally further advanced than are those of w*sn females of a corre- 
sponding absolute age. However, in the absence of the reciprocals of 
these age-difference experiments, the assumptions are by no means 
proved to be correct. The lethal result in the one combination is quite 


unexplained and suggests either that the assumptions are incorrect or 
that they fail to take into account all of the factors concerned. 


SUMMARY 


The development of singed ovaries transplanted to wild type fe- 
males in the late larval stage shows autonomous development. Eggs 
recovered from such females have the characteristic shape of eggs from 
singed females and they fail to give rise to larve. Wild type ovaries 
grown in singed hosts likewise show autonomous development. Viable 
eggs can be recovered from such ovaries; they give rise to wild type 
offspring (females heterozygous for w*sn) when fertilized by w*sn 
sperm. 

Fused ovaries grown in singed hosts have characteristics not de- 
tectably different from such ovaries grown in their normal position. 
Recovered eggs fertilized by fu or by Y sperm fail to hatch, but those 
fertilized by not-fu X-carrying sperm give rise to normal females hetero- 
zygous for fu. 

Ovaries from female-sterile females grown in wild type hosts may 
become attached to the oviducts of the hosts, competing successfully 
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with normal ovaries, but they remain rudimentary as they do in their 
normal genetic surrounding. Wild type ovaries grown in female-sterile 
females show autonomous development. Viable eggs giving normal 
development are recovered following attachment of the implant to the 
oviduct of the host. 

Using a single outcrossed stock of w*sn and two wild type stocks, 
one outcrossed and one inbred, reciprocal ovary transplants show: (1) 
that the frequency of attachment of the implant varies with different 
genetic stocks, and (2) that, under the conditions of the experiments 
and with the numbers involved, there is no statistically significant dif- 
ference in the frequency of implant-attachment in reciprocal transplants. 

Transplants in which donors and recipients were different in abso- 
lute age show that the frequency of attachment of the implant can be 
varied, either increased (in certain combinations) or lowered, by vary- 
ing the relative ages of donors and recipients. In one combination in 
which ovaries were implanted to hosts younger than the donors, there 
was apparently a lethal interaction such that most of the hosts died after 
pupation. The bearing of the age-difference experiments on the differ- 
ences in frequency of implant-attachment observed with different stocks 
is considered. 


The application of certain of the results summarized above to the 


use of gonad transplants in Drosophila as an experimental tool are 
pointed out. 
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EYES OF DEEP SEA CRUSTACEANS 
I. ACANTHEPHYRIDZ 


J. H. WELSH AND F. A. CHACE, JR. 


(From the Woods Hole Oceanographic Institution! and the Biological 
Laboratories, Harvard University) 


The depths of the ocean impose upon the animals which live there a 
very different set of environmental conditions from those found at the 
surface. Absence of sunlight, low temperature, high pressure and vis- 
cosity, and a somewhat different chemical composition of the sea water 
necessitate morphological and physiological modification in the organ- 
isms which inhabit deep water. Some of these modifications are well 
known. For example, if we select the more obvious features which are 
associated with low light intensity, or even complete absence of sunlight, 
we must include the presence of photophores, peculiar pigmentation of 
the body, and adaptation of the eyes for vision at a very low intensity 
of illumination. The photophores and eyes of certain groups of deep- 
sea crustaceans and fishes have been studied in some detail in the past 
and are reasonably familiar to biologists. One of the first and best 
known studies in which the structure of the eye was related to depth 
was that of Beddard (1884) on the isopod genus Serolis. A similar 
study was made later (Beddard, 1890) on the genus Arcturus. Smith 
(1886) and Henderson (1888) had already noted the tendency toward 
degeneration in the eyes of deep-water crustaceans, but neither had 
made a detailed study of these eyes. Chun’s (1896) study of the very 
unusual eyes of deep-water euphausiids was made from collections of 
the “ Challenger ” as were Beddard’s. 

From the collections of the “ Valdivia,’ Doflein (1904) obtained 
material for a valuable study of the eyes of deep-sea crabs. Dohrn 
(1908) described the eyes of a few other crustaceans taken by the 
“Valdivia.” More recently Hanstrom (1932-33) has had an oppor- 
tunity to study the eyes of deep-water crustaceans. 

The problem which confronted these workers, and many others who 
have made more casual observations, was to explain why some forms 
found in deep water have well-developed and apparently functional eyes 
while others are completely blind or have very degenerate eyes. This 
still remains the most interesting problem in connection with a con- 
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sideration of the effect of depth and hence of diminishing light on the 
eye. There are many more problems which the older investigators 
would have doubtless solved if they had had more material from known 
depths, living material, and a more constant supply. 

The regular operation of the research vessel “ Atlantis” of the 
Woods Hole Oceanographic Institution has made it possible to study 
further the animals of the deep sea and has led to the planning of a 
program in which the first step has been to investigate more fully the 
modifications with depth in the eyes of certain of the crustaceans. 
What happens to the size of the eye, the number of ommatidia, the 
amounts of reflecting and screening pigments, pigment migration, and 
the structure of the rhabdomes with increasing depth? What is the 
relation between the development of the eye and the presence or absence 
of photophores? Such questions, dealt with in an introductory manner, 
using for material certain representative deep-sea acanthephyrids or 
prawns, are those we wish to discuss in the present paper. Final con- 
clusions must await the study of many more types of crustaceans from 
known depths, but certain tendencies are noticeable in the work thus far 
carried out. 

The authors are indebted to several members of the Woods Hole 
Oceanographic Institution, particularly to Dr. H. B. Bigelow, and to 
Mr. B. B. Leavitt from whose collections, made in a study of the verti- 
cal distribution of deep-water plankton, some of the material for the 
present study was obtained. The expense of preparing the eyes histo- 
logically has been cared for in part by a grant from the Milton Fund 
of Harvard University. 


METHODS 


The first problem in understanding the effect of the physical en- 
vironment on deep-sea animals is to obtain a series of a given species 
from known levels, sufficiently large so that it is possible to determine 
the average level at which such a species lives. The use of open nets is 
unsatisfactory as animals are caught at all levels, and only after a large 
number of hauls at a given station can an idea of the vertical distribution 
of a species be determined. Nets which may be sent down to the de- 
sired level closed, then opened and towed at that level, and finally closed 
before being brought to the surface are almost a necessity. To operate 
two to five such nets, particularly when towing at depths of one to two 
miles, presents mechanical problems which have been quite adequately 
solved. The closing net used in deep-water tows from “ Atlantis ” 
previous to 1936 is described in a paper by Leavitt (1935). The type 
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of net used during the 1936 cruise was modified somewhat and was 
found to be well adapted for collecting material alive or in good con- 
dition. It will be described in a later paper. 

The locations of stations from which material was obtained in 1933 
and 1934 are given by Leavitt (1935). During July, 1935, two stations 
were made in the Sargasso Sea: Station No. 2462 (42° 29’ N. and 70° 
21’ W.) and No. 2463 (42° 27’ N. and 70° 14’ W.). During late Au- 
gust, 1935, one station was made on the inshore side of the Gulf 
Stream: No. 2475 (38° 25’ N. and 71° 04’ W.). In September, 1936, 
collections were made at Station 2666 (39° N. and 70° W.) and at Sta- 
tion 2667 (35° 40’ N. and 69° 36’ W.). 

Obtaining deep-water animals living and in good condition is a 
second difficulty. Where there may be a warm surface layer, as on the 
slope side of the Gulf Stream, the animals coming from deeper layers 
are subjected to a considerable increase in temperature which, it is be- 
lieved, is much more damaging than the reduction in pressure. The 
following temperatures were found in early September, 1936. 


Station 2666 Station 2667 
Slope side of Gulf Stream Sargasso Sea 


Depth Temp. °C. Temp. °C. 
Surface .... 21.0° 26.2° 
eR... RT 18.3° 
@Gm..... 54° 17.8° 
800 m..... 4.5° 14.9° 
1000 m..... 4.2° ti.7" 
2000 m..... 3.6° 4.3° 


It may be seen that while there was a difference of 5.2° C. at the sur- 
face, at 400 m. there was a difference of 12.4° C. Many more of the 
larger crustaceans were living when they arrived at the surface at Sta- 
tion 2667 than at Station 2666. 

During the two trips in 1935 an opportunity was had for the first 
time to study living forms. Among the acanthephyrids only one spe- 
cies, Systellaspis debilis, was obtained alive in any considerable numbers. 
The only requirement for keeping this form living was found to be a 
low temperature. At 10° C. they survived for three days, at the end 
of which time they were killed ; therefore, at that time it was not known 
how much longer they would have lived. During the 1936 cruise a 
cooling system was on board which made it possible to maintain tanks 
of sea water at 5° C. Many more forms were taken alive and several 
species of crustaceans were kept living for the duration of the cruise. 
Apparently it is possible to maintain many deep-water forms alive if 
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they are kept at a temperature relatively the same as that where they 
normally live. 

The material used for histological” study was fixed in Bouin’s im- 
mediately on removal from the nets or, in cases where it was desired 
to observe pigment migration, was kept illuminated for a period of 
time before fixing. It was found quite necessary to cut through the 
carapace in order to obtain sufficiently rapid penetration of the fixative. 
The paraffin method was used in sectioning the eyes. In estimating 
relative amounts of pigment it was found desirable to leave some sec- 
tions of each eye unstained. Ehrlich’s hematoxylin and a counter of 
eosin were employed for staining those sections which were used in 
studying the general structure. 


MATERIAL 


Although certain species of the Acanthephyridez are so numerous 
that the possibilities of fishing for these prawns on a commercial scale 
have been suggested, it was as late as 1881 before more than two species 
of the family were known. Today, due to the many deep-sea expedi- 
tions in the past fifty years, the family is represented by six genera and 
forty-five species. The acanthephyrids normally inhabit the deeper 
parts of the sea where the penetration of sunlight is practically im- 
measurable—the so-called “ red prawn-black fish ” region. 

Like a number of other deep-sea animals which have been known to 
science for only a short time, the acanthephyrids are a comparatively 
primitive group. The biramous form of the legs, one of the most dis- 
tinctive characters of the family, ranks them among the most primitive 
members of the decapod Crustacea. Their color, with but a few ex- 
ceptions, is a uniform deep crimson red. In other respects the species 
may differ so noticeably from each other that a cursory examination 
would scarcely lead to their inclusion in a single family. The integu- 
ment varies from a hard, polished, armor-like shell to a membranous 
skin which is displaced or torn from the slightest handling ; the rostrum 
or “ head-spine ” is typically long and slender, but in many species it is 
almost entirely lacking ; the legs may be short and comparatively stout, 
or long, slender and fragile, or they may be modified, as in Ephyrina, 
into broad, lamellate appendages ; and the eggs are either so small that 
many hundreds may be attached to a single female, or so large that 
twenty-five would be a burden to even the larger species. It will soon 
be seen that this diversity of form is likewise illustrated by the eyes of 
these prawns. Since most of the species are strictly bathypelagic or- 





EYES OF DEEP SEA CRUSTACEANS 61 


ganisms, they probably obtain their food from the detritus that is con- 
stantly raining down from the swarms of minute plants and animals 
at the surface of the sea. They are peculiarly adapted to strain this 
food from their surroundings; the thoracic legs are all provided with 
numerous long hairs and spines which apparently form a very efficient, 
sieve-like basket when the legs are held curved beneath the body. In 
the genus Ephyrina the legs are strikingly wide and flat so that, when 
held in position, they perform their function in much the same way 
as the baleen of the whale-bone whales. This modification of the legs 
for food-gathering is of particular interest when one realizes that the 
thoracic limbs of most shrimp-like Crustacea are used primarily for 
walking on the sea-bottom and play no direct part in the swimming 
movements of the animal. Since many of the acanthephyrids probably 
spend their entire lives far above the sea-floor, the thoracic legs would 
be only a hindrance to the progress of the prawn through the water if 
they were not modified to perform a function entirely apart from that 
for which they were originally designed. 

There are, of course, few barriers to the dispersion of bathypelagic 
organisms which inhabit a world-wide zone of comparative uniformity 
of temperature and salinity. Many of the Acanthephyridz, as in most 
families containing a like number of forms, are known from a very few 
specimens and little can be concluded about the distribution of those 
forms at present; but of the commoner ones, some are practically cos- 
mopolitan, some seem to have a discontinuous range, while still others 
are confined to a reasonably small area. The Indo-Malayan region has 
the largest representation of these species, if our present records are 
reliable, with the North Atlantic second in importance. It is a curious 
fact that there are at least three reasonably common species in the Indo- 
Malayan region which so far have not been encountered elsewhere, but 
all three of these species show a very close relationship to three other 
forms which have been found almost everywhere except in the Indian 
Ocean. Much more data must be accumulated before the factors re- 
sponsible for the specific isolation of bathypelagic organisms are known. 

As regards the vertical distribution of the group the available data 
are likewise incomplete. However, of the forty-five species, thirty have 
been taken with mid-water nets and must be bathypelagic for at least 
part of the time. Further investigation will undoubtedly reveal that 
at least some of the remaining fifteen species seldom go down to the 
sea-floor. On the other hand, three stout-legged, heavy-bodied forms 
which have always been taken with the dredge or trawl can safely be 
termed benthonic animals. 
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Investigations undertaken in the past few years by Mr. Leavitt on 
“ Atlantis” have yielded invaluable information regarding the actual 
depths at which we may expect to find acanthephyrids in the North At- 
lantic. The accompanying tables (Tables I, II, and III) give the depths 
at which three of the most common Atlantic species have been taken 
with closing nets. Incomplete as these records are, it is quite evident 
that Hymenodora glacialis normally frequents a deeper zone than either 
of the other species, a fact which agrees with earlier data. Acanthe- 


TABLE [| 


Depths at which specimens of Acanthephyra purpurea have been taken with closing nets 
by the ‘“‘ Atlantis.” 


Depth in meters “Atlantis” Station Number of specimens Total specimens 





300 1737 1 1 


400 2263 10 
2263 
800 2462 74 
2463 


920 2216 





2260 
2263 


1000 
2263 
2263 
2216 
2263 


2260 








phyra purpurea has been taken in open nets from the surface, where one 
specimen was collected with a dip-net down to 2800 meters, but the 
majority have been found between 400 and 1000 meters. H. glacialis 
has been found on two occasions at the surface in the Arctic, and some 
numbers of that species have been found in the stomachs of arctic sea- 
birds. The shallowest trustworthy record for the species taken with 
midwater nets, however, is one in which ten specimens were taken in 
750 meters, and by far the largest number of specimens have come from 
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TABLE II 


Depths at which specimens of Systellaspis debilis have been taken with closing nets by 
the “ Atlantis.” 








Depth in meters “ Atlantis” Station Number of specimens Total specimens 





400 2263 15 15 


600 2260 1 1 


1800 


| 
800 9 
FG 





depths greater than 1000 meters. This species has also been taken with 
a closing net by the “ Valdivia” Expedition in over 4200 meters in the 
South Pacific. Systellaspis debilis apparently frequents slightly shal- 
lower depths than the other two species, regardless of the fact that it is 
the only one of the three which has not been found at the surface. It 
has been collected with open nets between 32 and 2000 meters and ap- 
pears to be most abundant between 150 and 500 meters. 

At present little is known of the daily vertical migration of these 


TABLE III 


Depths at which specimens of Hymenodora glacialis have been taken with closing nets 
by the ‘‘ Atlantis.” 








Depth in meters “Atlantis” Station Number of specimens Total specimens 
} | 


1000 | 2463 2 2 
1400 | 2263 


2263 


1600 2475 


1737 


2263 


| 
1200 2462 3 3 
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species. The results of past expeditions seem to indicate a very slight 
movement toward the surface at night in A. purpurea and S. debilis 
but absolutely none in H. glacialis (Murray and Hjort). 

An examination of the external features of the eyes of these and 
other acanthephyrids offers a partial explanation of the above findings. 
The form of the eyes, although extremely diversified in the group as 


(Figures 1-6 are dorsal views of the right eye and eyestalk) 


Fic. 1. Acanthephyra purpurea, X 5. 

Fic. 2. Ephyrina benedicti, male, X 4. 

Fic. 3. Notostomus longirostris, small female, X 5. 
Fic. 4. Systellaspis debilis, X 7.5. 

Fic. 5. Oplophorus grimaldii, male, X 7.5. 

Fic. 6. Hymenodora glacialis, male, X 7.5. 


a whole, remains fairly constant within the separate genera. The eyes 
of the species of Acanthephyra (Fig. 1) are of normal size, generally 
well pigmented with a dark brown pigment and, as in the other genera, 
the dorsal surface of the eyestalk is provided with an incomplete, deeply 


pigmented ocellus or accessory cornea, whose function is unknown. 
In some species the ocellus is complete and entirely distinct from the 





EYES OF DEEP SEA CRUSTACEANS 65 


true cornea, while in others it may be partially fused with the cornea 
or even entirely absent. The eyes of Ephyrina (Fig. 2) and Notosto- 
mus (Fig. 3) while similar in size and shape to those of Acanthephyra 
have a jet-black pigment which remains for many years even in alcohol. 
In Systellaspis (Fig. 4) the cornea is considerably larger in proportion 
to the stalk than in the foregoing genera. The extreme size is attained 
in the species of Oplophorus (Fig. 5) in which the eye may be actually 
broader than long, and the cornea is generaly set diagonally on the end 
of the stalk. It is worthy of note that these large-eyed species of 
Systellaspis and Oplophorus possibly all possess photophores. The 
other extreme is found in the eyes of the two species of Hymenodora 
(Fig. 6). In these forms the corneal portion is reduced to a size which 
is considerably smaller in diameter than the eyestalk. On recalling the 
records concerning the vertical distribution, it will be seen that those 
species which have the largest eyes apparently frequent the shallower 
layers of water, while those with vestigial eyes, like Hymenodora, may 
be termed truly abyssal forms. 

The accompanying graph (Fig. 7), despite inaccuracies that can 
scarcely be eliminated in measuring tissues so subject to alteration after 
preservation, clearly indicates that the eyes increase in diameter in 
proportion to the length of the carapace. It is also quite obvious that 
the degenerate eyes of Hymenodora increase in size very little with 
the growth of the animal. Perhaps the most striking fact brought out 
by these measurements, however, is that the eyes of Oplophorus gri- 
maldti and Systellaspis debilis, two forms bearing photophores, are 
larger in relation to body size than are the eyes of those forms lacking 
luminescent organs. 


CoMPARATIVE STRUCTURE OF THE EYES 


Fortunately the three most abundant species of acanthephyrids in 
the North Atlantic and therefore those whose vertical distribution is 
best known, represent three possible trends in the development of the 
eye. Acanthephyra purpurea is found in greatest numbers within the 
photic zone, and as it shows a diurnal migration this species must be 
influenced by the penetrating daylight, although of extremely low 
intensity. Even in the Sargasso Sea, where the water is very clear, 
the intensity of blue light at noonday may be reduced to 0.5 per cent 
of the light at the surface, at a depth of 180 meters (Clarke, 1933). 
The penetration of other components of daylight into Atlantic waters 
may be found in a paper by Oster and Clarke (1935). A. purpurea is 
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found far below 180 meters during the day; hence it must be subjected 
to a very low intensity of illumination. 

Systellaspis debilis has much the same vertical distribution as A. 
purpurea, but this form possesses numerous photophores, and, as has 
already been pointed out, there is an apparent correlation between the 
size of the eye and the presence or absence of photophores, for species 
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Fic. 7. The diameters of the eyes of four series of acanthephyrids are here 


shown plotted against carapace length. Oplophorus and Systellaspis have photo- 
phores. 


of Systellaspis and Oplophorus have larger eyes in proportion to body 
size than the other genera of acanthephyrids which lack photophores. 

The ability to emit clouds of luminous material is possessed by 
certain of the deep-sea prawns, as has been mentioned by Alcock (1902) 
and by Beebe, who observed this phenomenon frequently in his bathy- 
sphere descents. So little is known of this interesting method of il- 
luminating the surroundings that it is not possible to hazard a guess as 
to its effect on the development of the eye. 
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The third species, H ymenodora glacialis, inhabits a region well below 
the photic zone and does not possess photophores and it will be shown 
that the eyes of this species are very degenerate structurally. 

It will not be necessary to describe the general plan of the eye of 
acanthephyrids for it is basically like that of other decapod crustaceans, 
and such eyes have been described by Parker (1891), Patten (1887), 
Trojan (1913), to mention only a few of the earlier investigations of 
the histology of decapod eyes. From the standpoint of vision and 
visual acuity the most important features to be considered in any com- 
pound eye are the following: (@) number of ommatidia, (b) develop- 
ment of the rhabdomes (the receptor units), (c) amounts, distribution, 
and movements of screening and reflecting pigments. To these should 
be added the photosensitive material contained in the rhabdomes. So 
little is known of the nature of this material that it cannot be discussed 
at the present time. The average number of ommatidia in a longi- 
tudinal section of an eye may be taken as a measure of the total number 
of ommatidia and thereby the task of counting all the elements is 
avoided. In all counts the eyes of large, mature individuals were se- 
lected, although not the largest obtainable. In eyes of mature A. pur- 
purea (Fig. 10) averaging 2.5 mm. in diameter the average number of 
ommatidia in a section was found to be 145. Eyes of mature S. debilis 
averaging 1.9 mm. in diameter had an average of 81 ommatidia. Eyes 
of H. glacialis averaging 0.6 mm. in diameter had an average of 22 om- 
matidia. The number of ommatidia, hence the number of rhabdomes, 
determines in part the visual acuity of an arthropod; therefore the 
variation in number in these three forms must be significant. 

The rhabdomes, whence the fibers of the optic nerve arise, are 
in a sense the most important structures found in the compound eye. 
A single rhabdome is formed of parts of the seven functional retinular 
cells found in each ommatidium, and a longitudinal section presents a 
peculiar striated appearance. In none of the acanthephyrids which 
have been studied do the rhabdomes have the well-defined outlines seen 
in the majority of decapods, including certain deep-water forms. Of 
the three species being especially considered they are perhaps most 
definite in S. debilis, and may be seen in sections of the eyes of light- 
adapted specimens (Fig. 15) where they are outlined by the proximal 
pigment. In A. purpurea they are difficult to distinguish (Fig.9). In 
all forms taken from the nets during either day or night they were 
never surrounded by pigment. This means that light entering a given 
ommatidium could reach the rhabdomes of neighboring ommatidia 
(Exner, 1891). 
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Fic. 8. Dorsal view of the head of A. purpurea, X 2. 

Fic. 9. Photomicrograph of a section of the eye of a young A. purpurea, X 40. 

Fic. 10. Photomicrograph of an unstained section of the eye of a mature 
A. purpurea, X 40. 

Fic. 11. Reflecting pigment of the eye of a young A. purpurea as seen by 
reflected light, X 35. 

Fic. 12. Reflecting pigment of a mature A. purpurea, X 35. 
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In H. glacialis the rhabdomes are entirely lacking. The nuclei of 
the retinular cells remain,.and a few nerve fibers leave their vicinity 
(Fig. 13). At best the eye of this form can be used only as a light 
receptor. While not as degenerate as the eyes of certain blind crayfish 
(Parker, 1890) there is certainly not the necessary visual apparatus for 
image reception. 


Eve PIGMENTS 


Unpublished results obtained by one of us from keeping certain 
decapods in constant darkness for a period of months indicate that 
there may be a gradual reduction in the amount of screening pigment 
in the eye. This is perhaps to be expected from the work of Odiorne 
(1933) on the effects of black and white backgrounds on the body 
pigments of certain fishes. Is there any correlation in the acanthe- 
phyrids under consideration between depth and the amounts of screen- 
ing and reflecting pigment? In practically all decapod crustaceans from 
shallow water there are two sets of screening pigments. The so-called 
distal or irispigment is found around the cones, and in many forms 
such as Palemonetes (Welsh, 1930) it migrates in and out under the 
influence of hormonal action (Kleinholz, 1936), forming the pseudo- 
pupil which helps to regulate the amount of light reaching the rhab- 
domes. In certain shallow-water prawns which are distinctly nocturnal 
in their habits such as Pen@opsis goodei (Welsh, 1935) and species of 
Brachycarpus and Rhynchocinetes, the eyes of which have not been 
described, the distal pigment forms a collar around the outer ends of 
the cones and remains in that position in light and dark-adapted eyes. 
In S. debilis the distal pigment is present in an amount comparable to 
that found in nocturnal surface forms while it is slightly less dense in 
A. purpurea and completely lacking in H. glacialis. In specimens of 
S. debilis, light-adapted for three hours, there was no measurable mi- 
gration of the distal pigment. In specimens of both A. purpurea and 
S. debilis, fixed directly from the nets either during the day or night, 
the distal pigment was always in the extreme outer position. 

The second set of screening pigment, the proximal pigment, is found 
in the retinular cells. In dark-adapted eyes of decapods in general, the 
main mass is found below the basement membrane, while in the light 
it moves peripherally to surround the rhabdomes and migrates between 
the plates. In this position it absorbs a large part of the light which 
reaches the rhabdomes before it has penetrated to any considerable 
depth. In all specimens of A. purpurea and S. debilis taken from the 
nets during the day or night the proximal pigment never surrounded 
the rhabdomes and the major portion was in the position characteristic 





70 J. H. WELSH AND F. A. CHACE, JR. 


of extreme dark adaptation. In adults of these two species this pig- 
ment is present in about equal amounts, but is much less dense than 
in nocturnal forms found in surface waters. In young of A. purpurea, 
however, the proximal pigment is very heavy in the lateral portion of 
the eye (Fig.9). In H. glacialis the proximal pigment is entirely lack- 
ing as is the distal pigment. 

If we assume that the diurnal vertical migrations of A. purpurea 
and S. debilis keep these forms in a region of very low but constant 
light intensity, it would be interesting to know whether the proximal 
pigment still retains the ability to migrate around the rhabdomes when 
these forms are subjected to illuminations of high intensity. It was 
possible to test this point with S. debilis and A. purpurea. Figure 16 
is a photomicrograph of a section of the retina of a specimen of S. debilis 
which had been kept in darkness for three days. Figure 15 is of a 
similar region of the retina of a specimen kept in diffuse daylight for 
one hour. During this time the pigment had migrated for some dis- 
tance peripherally and had surrounded the proximal two-thirds of the 
rhabdomes. This indicates that the ability of the proximal pigment to 
migrate still persists even though it may never do so normally in the 
lifetime of the organism. The proximal pigment of A. purpurea is 
also capable of movement although after prolonged light-adaptation it 
seldom migrates far into the retinular cells. 

The reflecting pigment of decapod eyes is a layer of amorphous 
guanin which is concentrated around the bases of the retinular cells 
and acts as a mirror to reflect light back into the rhabdomes (Welsh, 
1932). A reflecting or tapetal layer is found in most animals which 
are active during the night or which live in a region of low light in- 
tensity; therefore it is not surprising that this pigment layer is well- 
developed in the eyes of deep-water decapods. 








EXPLANATION OF Fics. 13-18 


Fic. 13. Section of the eye of H. glacialis photographed with transmitted 
light, X 60. 

Fic. 14. Section of the eye of H. glacialis photographed by means of re- 
flected light, X 60. 

Fic. 15. Region of the retinular cells and rhabdomes of a light-adapted eye 
of S. debilis, X 175. 

Fic. 16. Region of the retinular cells and rhabdomes of a dark-adapted eye 
of S. debilis, X 175. 

Fic. 17. Section of a portion of the eye and the papilla of O. grimaldii photo- 
graphed with transmitted light, < 50. 

Fic. 18. The same photographed with reflected light, X 50. 
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The eyes of A. purpurea and S. debilis have this reflecting layer in 
addition to the usual screening pigments (Figs. 11 and 12) while H. 
glacialis has only reflecting pigment (Fig. 14). The quantity of re- 
flecting pigment in H/. glacialis is greater in proportion to the size of 
the eye than in the other two forms under consideration. It is worth 
noting that in a series of five species of Sergestes which have been 
studied in a preliminary way there is a rather striking correlation be- 
tween the amount of reflecting pigment and the depth at which the sev- 
eral forms were taken. 


DISCUSSION 


The gradual modification of an organ such as the eye as a result of 
environmental changes, or changes in habit, is one of the fascinating 
aspects of evolution. A comparison of the eyes of forms which are 
active at night with those which are active during the day reveals struc- 
tural and functional adaptations which are among the best examples of 
the manner in which living material may be modified by external con- 
ditions. The degeneration of the eye of cave crayfishes (Packard, 
1888; Parker, 1890) is a striking illustration of the disappearance of a 
useless organ. In the sea we have a gradual reduction in the amount of 
sunlight which penetrates into the water until a depth is reached, which 
varies with the locality, at which there is a complete absence of sunlight. 
The animals of the deep sea have without much question evolved from 
shallow water forms. Their eyes have become modified depending on 
the depth to which they have migrated. In regions of low light intensity 
they are, in general, so changed by an increase in size, loss of screening 
pigment, and in other ways that they are doubtless quite effective organs 
of sight. Below the level to which light penetrates some are degenerate 
and some are completely lacking. On the other hand, some are large 
and, structurally at least, well adapted for vision or for light recep- 
tion. This fact still remains as one of the most baffling problems asso- 
ciated with the biology of deep-sea animals. Can there be enough light 
produced by luminescence to account for the well-developed eyes of 
some abyssal forms, particularly those living on bottom? This is the 
question with which most discussions of the eyes of deep-sea animals 
have ended. It is our hope that if the opportunity remains to continue 
these studies this question may be satisfactorily answered. 


SUMMARY 


1. Three species of acanthephyrids have been taken in closing nets 
in the region of the Sargasso Sea and in slope water near the Gulf 
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Stream in numbers sufficient so that their vertical distribution is quite 
aecurately known. 

Acanthephyra purpurea and Systellaspis debilis are found mostly 
within the photic zone. Hymenodora glacialis inhabits a region below 
that to which sunlight penetrates. 

2. The eyes of A. purpurea and S. debilis are quite similar structur- 
ally to the eyes of shallow-water prawns, except that there is less screen- 
ing pigment. 

3. Species of Systellaspis and Oplophorus possess photophores and 
the eyes of these forms are larger in proportion to body size than the 
eyes of those acanthephyrids which lack photophores. 

4. The eyes of H. glacialis are quite degenerate. The rhabdomes, 
and both distal and proximal pigments are lacking. The reflecting pig- 
ment layer is well developed. 

5. Characteristic movements of the proximal pigment of S. debilis 
and A. purpurea occur as the result of light adaptation. 
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EVIDENCE FOR THE PRODUCTION OF ACCELERATOR 
AND DEPRESSOR SUBSTANCES BY ‘ULTRAVIOLET 
RADIATION OF LIMULUS MUSCLE 


S. A. GUTTMAN 


(From the Department of Physiology and Biochemistry, Cornell University 
Medical College, and the Marine Biological Laboratory, 
Woods Hole, Massachusetts) 


The object of this investigation was to determine the causes of the 
frequency changes after ultraviolet radiation of Limulus muscle. Hin- 
richs and Genther (1930) reported that as a result of exposure to 
ultraviolet point radiation “in general, an increase in rate of beat was 
obtained by short exposures of a given region [heart of Limulus poly- 
phemus], and a decrease in rate following longer exposures.” Guttman 
(1936a) reported that short periods of radiation (3 minutes) from a 
Cooper-Hewitt Uviare caused a marked primary increase in frequency 
and amplitude of the Limulus heart. 

The heart of Limulus polyphemus was excised along with the dorsal 
ganglion. The rhythmically beating heart was then placed in a finger 
bowl containing 200 cc. of sea water. Temperature changes were ob- 
served by means of a thermojunction. One blackened junction was 
placed on the ganglion at the level of the sixth segment. As the heart- 
beat of the Limulus is neurogenic (Carlson, 1904 and 1905; and Garrey, 
1932), its frequency and amplitude depend on the action of the ganglion. 
Thus, if the temperature of the ganglion is recorded, it is easy to 
determine whether frequency changes are attributable to temperature 
variations of the pace-maker. During the course of this investigation 
temperature increases caused by the heat of the mercury arc were not 
responsible for the observed changes. The increases in temperature 
never exceeded 0.3° C. for direct radiation of the heart and markedly 
less for the shielded preparations as a result of a 3-minute period of 
radiation. This temperature change was found to have a negligible 
effect. 

A series of 13 experiments were performed on hearts which were 
partially shielded. In this series of experiments the excised heart, as 
stated above, was placed in a finger bowl and a shield (layers of white 
paper, tin foil, and black paper—the white paper outermost) was 
placed over segments 3-9; i.e., only segments 1-2 received the radia- 
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tion. A frequency increase was noted. After a length of time the 
entire heart was radiated, and finally segments 3-9 were radiated while 
1-2 were shielded—see Fig. 1. Frequency increases were always great- 
est for total radiation, next for segments 3-9, and smallest for seg- 
ments 1-2. 

Another series consisted of 5 experiments, in each of which 2 
excised hearts were placed in a finger bowl with the usual 200 cc. of 
sea water. One of the hearts was shielded and 2-3-minute periods 
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Fic. 1. Curve showing frequency changes of Limulus heart after radiation 
of various regions. @frequency; m period of radiation; 1-2 radiation of seg- 
ments 1-2; 3-9 radiation of segments 3-9; 1-9 radiation of segments 1-9 (entire 
heart). 


of radiation were given to the unshielded heart. The usual frequency 
changes (primary acceleration) were observed for the irradiated heart. 
The shielded heart also markedly increased its frequency. The in- 
crease in frequency (expressed in per cent) was usually greater in the 
unirradiated heart than in the radiated preparation—see Fig. 2. An 
explanation is suggested below. When hearts which did not beat 
because of injury to the ganglion during dissection were irradiated for 
2-3 minutes, the rhythmically beating hearts (shielded) always exhibited 
a marked frequency increase, 
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In several series, following the same procedure as above, masses of 
Limulus skeletal muscle (7 experiments) and smooth muscle (intestine) 
(6 experiments) were irradiated and the heart was shielded. Here, 
too, the heart frequency increased after short periods of radiation of 
the various types of muscle—see Fig. 3. 


Z 
ea) 
O 
p 
w 
a 
Zz 
~ 
O 
Z 
Q 
5 
oO 
6) 
fa 
Ky 


0 5 10 15 20 25 30 35 40 45 
TIME IN MINUTES 


Fic. 2. Curves showing frequency of Limulus hearts (1) directly radiated, 
(2) bathed by sea water which surrounded the radiated heart. © frequency of 
heart in solution which bathed a radiated heart; @frequency of radiated heart; 
@ period of radiation 


Several other series of experiments were performed. It was found 
that placing a beating heart in irradiated sea water did not induce any 
frequency change. Radiation of sea water which previously contained 
unirradiated cardiac, smooth, and striped muscle had no effect on the 
frequency of Limulus hearts. Thus it is concluded that the radiation 
must be directly on a tissue in order to produce the primary acceleration 
and that irradiation of sea water is ineffective. 
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Fic. 3. Curve showing frequency of Limulus heart bathed by the sea water 
which surrounded cardiac, smooth, and striated muscle during radiation. @fre- 


quency ; cardiac radiation of cardiac muscle; smooth radiation of smooth muscle; 
striated radiation of striated muscle. 


D1scussION 


It appears that an accelerator substance may be produced upon 
irradiation of Limulus muscle. Hinrichs and Genther (1930) state 


that “no change in rate of beat of the entire heart could be demon- 
strated by direct exposure of the heart muscle itself.” It is possible 
that their negative results can be explained by their use of point radia- 
tion. Guttman (1935a and b and 1936b) has presented evidence which 
indicates the probability of a potassium-calcium shift induced by ultra- 
violet radiation. This shift, however, probably is not responsible for 
the frequency changes observed. Guttman (1936a) states, “ It may be 
supposed, in the case of the Limulus heart, that the primary action of 
the radiation [ultraviolet] is to increase the frequency of the nerve cell 
discharges and also to increase the number of active nerve cells; hence 
the number of nerve fibers transmitting impulses to the myocardium is 
increased. The former supposition would account for the increased 
frequency, the latter for the increased amplitude.” 
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It appears that an increase in the frequency and number of nerve 
cell discharges may be caused by the liberation of some accelerator 
substance from Limulus muscle upon irradiation. It is also well known 
that nerve is very resistant to radiation and the radiant energy em- 
ployed could not possibly affect nerve directly. The effect of the 
substance usually disappears within 20 minutes after the cessation of 
radiation and then the secondary effect appears (the suppressed fre- 
quency and amplitude). It may be that the secondary effect is caused 
by a second substance produced upon irradiation but the evidence for 
this is not clear cut and further investigation is necessary. However, 
this secondary effect does not appear in some hearts which have been 
irradiated for 3 minutes and an even shorter time of irradiation seems 
to minimize the secondary effect. In the shielded hearts, stimulated 
indirectly, the secondary effect appears, apparently due to the diffusi- 
bility of the supposed secondary substance. Thus there is the possi- 
bility of the production of two chemical substances which are antag- 
onistic in action. 


It is a pleasure to acknowledge my indebtedness to Professor W. E. Garrey 
of Vanderbilt University Medical College, Nashville, Tennessee, for his interest 
and constructive criticism. 
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NOTES ON THE DEVELOPMENT OF GORGODERA 
AMPLICAVA IN THE FINAL HOST 


THERON O. ODLAUG 


(From the Department of Biology, University College, New York University and 
the Marine Biological Laboratory, Woods Hole, Mass.) 


INTRODUCTION 


Loschge (1785) first reported flukes in the bladder of Rana escu- 
lenta and Zeder (1800) named them Distomum cygnoides. On the 
basis of the number of testes, Looss (1902) separated the bladder 
flukes of frogs into two genera, Gorgodera and Gorgoderina, the former 
genus possessing nine testes and the latter, two. Bladder flukes of frogs 
have been reported in North America by Leidy (1851), Bensley (1897), 
Stafford (1902), Cort (1912), Ingles and Langston (1933), and Ingles 
(1936). Seven species of gorgoderid worms have been described in 
North America: Gorgodera amplicava from Rana clamitans, R. cates- 
beiana, and R. pipiens; Gorgodera minima from R. catesbeiana and R. 


pipiens ; Gorgoderina simplex from R. catesbeiana and Bufo lentigino- 
sus; Gorgoderina translucida from Bufo lentiginosus and R. virescens ; 
Gorgoderina attenuata from R. catesbeiana and R. virescens; Gorgo- 
derina multilobata from R. boyli and R. aurora; Gorgoderina aurora 
from R. aurora. Krull (1934), who reported the principal stages in 
the life history of Gorgodera amplicava, found that the clam, Musculium 
partumeium served as the first intermediate host, the snail Helisoma 


antrosa as the second intermediate host, and the frogs R. clamitans and 
R. catesbeiana as the final hosts. 

The first life history studies on bladder flukes were done by Ssinitzin 
(1905) who traced the development of Gorgodera cygnoides, Gorgodera 
pagenstecheri, and Gorgodera varsoviensis. He found that the cercariz 
were of the cystocercous type, that they were produced in bivalve 
mollusks, and that the metacercarize developed in the aquatic larve of 
insects. Lutz (1926) indicated the intermediate hosts through which 
species of Gorgoderina might pass in order to complete the life cycle. 
He found the cercari# in two small bivalves, Cyclas and Pisidium or 
Spherium, and the metacercariz encysted in the esophagus of odonatan 
larve. The same author also stated that the parasites in the final host, 
which is some anuran, were often found in the ureters. He observed 
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that “ En effet, les conduits efférents du rein contiennent assez souvent 
les formes jeunes. Dans le Leptodactylus pentadactylus, Gorgoderina 
permagna devient presque mire et Gorgoderina diaster a été trouvée 
pleine d’ceufs dans l’uretére de Pseudis paradoxa. Chez la Rana pal- 
mipes il y avait des exemplaires dans la vessie, mais le plus grand se 
trouvait dans l’uretére.” Joyeux and Baer (1934) found three young 
Gorgoderina in the muscles of the ventral body wall of Rana esculenta; 
the worms were not encysted and appeared to be migrating in the muscles 
without provoking any reaction on the part of the host. They further 
observed that the genital apparatus was fully functional and that the 
uterus was full of eggs, some of which had reached the genital pore. 
These specimens they reported to be morphologically similar to the 
adult form of Gorgoderina capsensis which they described from the 
urinary bladder of Rana esculenta. They concluded that the trema- 
todes may become adult before they reach their definitive habitat, the 
urinary bladder. 

The present paper records the occurrence of Gorgodera amplicava 
in the kidneys of Rana catesbeiana, together with a brief description of 
the trematode, particularly of its reproductive system, in the final host. 


MATERIAL AND METHODS 


The material for the present study was obtained from the common 
bull frog, Rana catesbeiana, at the Marine Biological Laboratory, Woods 
Hole, Mass. In routine examination of frogs during the summer of 
1936, a number of trematodes were observed in the kidneys. Accord- 
ingly, the excretory organs of fifteen frogs were dissected out for 
further study. No worms were found in the ureters. The kidneys 
were pressed between two glass slides in order to observe, if possible, 
the location of the flukes. This method did not prove successful be- 
cause of the amount of blood present, so the kidneys were dissected, 
a small portion at a time, until the parasites were located. Twenty-four 
worms were thus removed, flattened under a cover-slip, and fixed in 
hot corrosive sublimate. All material was stained in paracarmine, and 
measurements were made on fixed and stained specimens. 

The writer wishes to express his appreciation to Professor H. W. 
Stunkard for helpful suggestions during the course of the study and 
in the preparation of the manuscript. 


OBSERVATIONS 


With but one exception, all of the worms found in the kidneys were 


sexually immature. In the examination of one frog, a sexually mature 
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worm was observed emerging from a white, cyst-like enlargement on 
the surface of the kidney. Upon fixing and staining, it was found to 
be a specimen of Gorgoderina attenuata and not a representative of the 
genus Gorgodera. The cyst-like structure possessed an opening at the 
top through which the fluke probably passed its eggs. This trematode 
was the only sexually mature specimen found in the kidneys; all the 
small, sexually immature worms were Gorgodera amplicava. 

The smallest specimen of Gorgodera amplicava from the kidney 
measured 0.753 mm. in length and 0.255 mm. in width immediately 
posterior to the acetabulum ; the largest one measured 1.68 mm. by 0.45 
mm. Neither one was sexually mature. The smallest specimen from 
the bladder measured 1.76 mm. in length by 0.52 mm. in width. At 
this stage, the specimens were also sexually immature. Although the 
increase in size is not significant, comparison of the reproductive organs 
in the largest specimen from the kidneys with those in the smallest one 
from the bladder shows the latter to be much more nearly mature. 

The series of worms ranging from the smallest individuals in the 
kidneys to the sexually mature forms in the bladder exhibits a gradually 
increasing development. In the youngest worms from the kidney, the 
genital anlagen, with the exception of the testes, appear as a sac-like 
mass of cells immediately posterior to the acetabulum (Fig. 1). In 
the next stage (Fig. 2), this mass has increased in size, branched into 
a right and a left lobe, and has also elongated posteriorly. The lobes 
then become separated from the common cell mass to form two discrete 
bodies, the future ovary developing from the left lobe and the vitelline 
follicles from the right one. At this stage, the vitelline follicles con- 
sist of a single mass of cells, later division resulting in the two groups 
of follicles, left and right, that are characteristic of the adult. 

Gorgodera amplicava is definitely protandrous. All of the youngest 
individuals (stage shown in Fig. 1) taken from the kidneys possessed 
twelve well developed testes, five on the right side and seven on the 
left. According to Krull (1934), the testes are at first represented by 
a dense mass which later becomes separated into discrete organs. Origi- 
nally, the testicular mass was a part of the common genital anlage, but 
because of the protandrous tendency of Gorgodera, the testes develop 
before the rest of the reproductive system. It appears that the testicular 
mass always subdivides into more than the nine parts which are char- 
acteristic of the adult. As stated above, the youngest specimens pos- 
sessed twelve testicular masses; this number was reduced to ten in 
later stages (Figs. 2 and 3), and finally to nine, the number character- 
istic of the adult. 





Pirate I 


Fic. 1. Smallest form of Gorgodera amplicava from the kidney of Rana 
catesbeiana, ventral view. X 85. 

Fic. 2. Largest form of Gorgodera amplicava from the kidney of Rana 
catesbeiana, ventral view. X 85. 


AC, acetabulum. OS, oral sucker. 

E, esophagus. SV, seminal vesicle. 
GA, genital anlage. T, testis. 

GP, genital pore. U, uterus. 

I, intestine. V, vitelline follicle. 
O, ovary. 
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Pirate II 


Fic. 3. Smallest form of Gorgodera amplicava from the bladder of Rana 
catesbeiana, ventral view. X 85. 

Fic. 4. Adult Gorgodera amplicava from the bladder of Rana catesbeiana, 
ventral view. X 28. 
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DIscUSSION 


Krull (1934) stated: “In stained and mounted specimens the dense 
testicular mass shows little evidence of being subdivided into testes, and 
there is little separation into right and left part until maturity.” In the 
present study, observations on the youngest individuals showed not only 
division of the mass into right and left components, but also twelve well 
developed testes ; at this time, the female genital complex was as yet un- 
differentiated. It is probable that the original testicular mass may be 
subdivided into a variable number of components. In the writer’s opin- 
ion, after the early division of the testicular mass, there is a coalescence 
of certain of the testes to form the definitive number. 

The observations of Lutz (1926) showed that specimens of G. 
permagna may develop in the ureters of Leptodactylus pentadactylus 
and G. diaster in the ureters of Pseudis paradoxa. He also found 
gorgoderid worms in the ureters of Rana palmipes. Since these ducts 
open directly into the cloaca and are independent of the urinary bladder, 
it appeared that excysted metacercaria, when they reach the cloaca, may 
pass either to the bladder or to the mesonephric ducts. Although Lutz 
himself made the statement: “On distingue Gorgodera, a testicules 
nombreux, de Gorgoderina, que n’en a que deux . . . ,”’ it is impossible 
to determine from his report whether the species G. permagna and G. 
diaster are members of Gorgodera or Gorgoderina, since he referred 
them first to one genus and then to the other. 

The discovery by Joyeux and Baer (1934) of sexually mature speci- 
mens of Gorgoderina capsensis in the abdominal muscles of Rana 
esculenta is difficult to interpret and introduces further complications 
in the life history of the frog bladder flukes. It is not impossible that 
abnormal physiological conditions, resulting from inanition of the hosts, 
were responsible for migration of the worms to the muscles. 

In infection experiments with the definitive host, Krull (1934) fed a 
number of metacercariz of Gorgodera amplicava to R. clamitans and R. 
catesbeiana and later (21 days to 2 months) recovered adults from the 
bladder. He stated that “On the basis of a rough estimate derived 
from the infection experiment, it appears that about one-fifth of the 
number of metacercarie fed to a frog may be recovered from the 
bladder upon subsequent examination.” About eighty per cent of the 
specimens fed were not accounted for. No explanation was offered for 
the disappearance of such a large number of worms, but from the pres- 
ent work it appears probable that a number of them might have been 
found in the kidney ducts in various stages of development. 

Significance must be attached to the fact that developing G. amplicava 
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were found regularly in the kidneys. They appeared too often in that 
location to be merely an accidental infestation, and, furthermore, no 
sexually mature forms of this genus were found in these organs. It 
appears probable that the adult Gorgodera is too large to migrate up 
the ureters and for that reason it would be but logical to find only the 
young stages in the kidneys. On the other hand, the presence of a 
sexually mature Gorgoderina attenuata in the kidney and the fact that 
G. attenuata is much larger than Gorgodera amplicava may indicate that 
it is possible for the adults to migrate to the kidneys. However, the 
single specimen of Gorgoderina attenuata, which was found in the kid- 
ney, may have migrated there as a young form and developed to ma- 
turity in that location. The fact that no adult specimens of Gorgodera 
amplicava were found in the kidneys and the discovery of a develop- 
mental series of worms grading from the smallest in the kidneys to the 
adults in the bladder, suggest strongly that Gorgodera amplicava nor- 
mally passes a stage of its life cycle in the kidneys before returning to 
the bladder to become sexually mature. 

There seems to be no correlation between the number of worms 
found in the kidneys and those present in the bladder. In some of the 
frogs examined, all the specimens were found in the bladder and none 
were taken from the kidneys; in other instances the reverse was true. 
In certain frogs, some worms were found in the bladder and others in 
the kidneys. In every case, however, the specimens from the kidneys 
were sexually immature while those from the bladder were either adults 
or individuals in various stages of late development. Yet even here, 
the smaller forms taken from the bladder were in a more advanced 
stage of development than those from the kidneys; forms as young as 
the one represented in Fig. 1 were never found in the bladder. Accord- 
ingly, it seems clear that the time of infestation and the rate of develop- 
ment of the parasite may explain the number of worms present in each 
of the two locations. 


SUMMARY 


Additional stages in the development of Gorgodera amplicava in the 
final host, Rana catesbeiana, are reported. Developmental stages have 
been found in the kidneys and their ducts and a series of changes in the 
development of the genital organs is described. 
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THE BEHAVIOR OF THE MATURATION SPINDLES IN 
POLAR FRAGMENTS OF EGGS OF ILYANASSA 
OBTAINED BY CENTRIFUGING 


T. H. MORGAN 


(From the William G. Kerckhoff Laboratories of the Biological Sciences, 
California Institute of Technology, Pasadena, California) 


The mechanism that carries the maturation spindle to the surface of 
the egg has never been explained. In most eggs a relatively large 
mitotic figure develops some distance below the surface. It lies across 
the primary axis of the egg, perhaps in a more or less oblique position. 
As it moves or is carried to the pole, it turns on its axis with one pole 
towards the surface, and during this time the figure as a whole becomes 
greatly reduced in size. Whether one of the poles of the spindle is 
destined to come to the surface, or whether it is merely an accident of 
position that is decisive in this respect is unknown. Of course it is 
possible if the egg has developed a dorsal-ventral configuration at this 
time that one rather than the other pole of the spindle is destined to be- 
come the polar end of the spindle. If so, this would suggest that the 
two ends of the spindle may be alike, and the constitution of the egg is 
the factor determining that one of them becomes the polar end of the 
spindle. On the other hand, if the two poles of the spindle are in some 
respect different, its orientation may depend on the mitotic figure rather 
than on the protoplasmic field. This problem has seldom been dis- 
cussed in the embryological literature in the absence of any real data 
that would give information on the situation. 

The experiments that follow throw little light on the question but 
they do have a bearing on the nature of the mitotic figure in relation to 
the peculiar division that leads to the unequal division of the egg when 
the polar bodies are given off. For instance, if at the time when the 
polar spindle is at the surface, it should be carried into the interior of 
the egg, will it then move again to the surface, or failing to do so, will 
it bring about an equal or an unequal division of the egg? Again, what 
will happen if the polar spindle is driven by centrifugal force into the 
middle of a fragment of the egg? Will it bring about an equal or an 
unequal division of the fragment when the second maturation division is 
due? Both of these questions are answered by the following experi- 
ments, 
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Tue TECHNIQUE Usep To Get LARGE AND Farrty UNIFORM 
FRAGMENTS OF THE “ Top” OF THE EGG 


The procedure is simple but must be adhered to strictly. Enough 
sea water is added to ground-up commercial gum arabic to cover it. 
Heated in a test tube a thick solution, that flows slowly, results. This 
is practically a saturated solution. A few drops of this solution are 
put into the bottom of an ordinary centrifuge tube, and covered with 
about 10 cc. of sea water. The tube is then centrifuged for a few 
minutes to get air bubbles and detritus out of the gum. When the eggs 
are added, or just before, a little of the surface of the gum is mixed 
with the supernatant sea water. This gives a gradient. The eggs come 
to lie just above the harder gum in this gradient where they remain dur- 
ing the centrifuging. If the gum is too thick, or if a surface is formed 
between it and the sea water, the eggs resting on the surface are more 
difficult to break apart. When the conditions are right the “ bottoms ” 
of the eggs are driven into the gum, and the tops come to lie in the 
gradient of gum or in the sea water. Under these conditions there is 
no crowding of the eggs which lie in a single layer with the pole up- 
wards, or centripetally on the machine. After centrifuging, the eggs 
are carefully sucked out of the tube with a large pipette, so as to disturb 
them as little as possible, and put into a dish of sea water. Some of the 
gum comes out with the tops but does not interfere with the develop- 
ment of the fragment unless too much is present. By agitating the dish 
gently the eggs separate from any gum adhering to them. The tops 
are elongated to various degrees but soon after removal tend to con- 
tract and often become more or less round. The bottoms, that are 
driven into the thicker gum, absorb water and die. A few may escape, 
and these become rounded or oval. It is curious that while all the tops 
remain alive, nearly all the bottoms become swollen and die. In order 
to keep a time record, a few eggs are kept outside, and their develop- 
ment recorded for each set. In this way the condition of the eggs at 
the time of centrifuging and later is obtained. Without this informa- 
tion the results would not be satisfactory. 


THe Division oF PoLaR FRAGMENTS, “ Tops,” WHEN THE SECOND 
MATURATION SPINDLE IS PRESENT 


Since the results with the second mitotic figure are more striking, 
and under better control, they may be first described. A general state- 
ment will give the essential points. When the eggs have been properly 
centrifuged (see below), at the time when the second antipolar lobe is 
about to appear or has begun, the larger tops are elongated about once 
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and a half or twice as long as wide. A whole egg about to constrict 
apart is shown in Fig. 2, and a top from the same lot in Fig. 1. Stained 
preparations show that the chromosomes of the second maturation di- 
vision have been driven, as a rule, into the interior of the top. The 
whole mitotic figure is moved inwards. In the course of half an hour 
or longer a constriction appears, generally near the middle of the top. 
It slowly narrows, and the piece is divided into two parts that are gen- 
erally equal or nearly so. Stained preparations show that two recon- 
stituted nuclei lie, as a rule, one on each side of the division plane. 
Earlier stages show an anaphase spindle at the constricting level. The 
time relations show that this division corresponds to the second polar 
spindle stage. It is somewhat delayed, however, but does not overlap 
the time when the first cleavage is due. Moreover, that this division is 
not a cleavage division is shown by the later history of the tops. When 
the cleavage of the normal eggs takes place, about an hour after the 
above event, a protoplasmic division occurs in only one of the two 
halves of these tops, as shown in Figs. 17, 18, 27. This half is the one 
in which the sperm nucleus comes to lie. Most often the division takes 
place in the more polar half, but occasionally in the other half, depend- 
ing on which half contains the sperm nucleus. Stained preparations 
show, in fact, that after centrifuging the sperm nucleus may lie at any 
point along the elongated top, and it is largely a matter of chance in 
which half it comes to lie, but since more often the more polar half of 
the fragment divides it is obvious that this half more frequently contains 
the sperm nucleus. Whether there is any advantage in calling the di- 
viding half an egg, and the other half a giant polar body will be dis- 
cussed later. The essential point is that the polar spindle, when driven 
into the interior of the fragment, divides the fragment into equal parts, 
under certain conditions to be described. There were twelve experi- 
ments carried out at the second polar spindle stages and in each a few, 
or in some many, tops divided by means of the second polar mitosis. A 
few samples will suffice to cover the results. 

(1) The second lobe was nearly due when the eggs were put into 
the centrifuge, and the second lobe began while the eggs were in the 
machine. The eggs were centrifuged at 1850 r.p.m. for 5 minutes, then 
at 2500 r.p.m. for 10 minutes, and at 2820 r.p.m. for 5 minutes more. 
The tops were about 3 times as long as broad, but became shorter when 
removed to sea water. Eighteen minutes later a top is drawn in Fig. 1. 
In comparison a whole egg is drawn in Fig. 2. A few tops were di- 
viding 6 minutes later (Figs. 3, 4,5). Stained fragments at the time 
of removal from the centrifuge showed a metaphase plate in the stained 
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area of the tops, and one polar body near the oil. Later some tops had 
dividing nuclei at or in the constriction. 

(2) Eggs were centrifuged for 7 minutes at 1850 r.p.m., then for 
12 minutes at 2500 r.p.m. The first lobe appeared in the control while 
the eggs were on the machine, and the second lobe 4 minutes after the 
eggs were taken off. One hour after removal four tops constricted 
and divided, and 40 others did not. Thirty minutes later most of the 
latter divided into two equal cells at the same time that the normal con- 
trols were cleaving. Here the eggs were centrifuged too early perhaps 
for the second spindle to be effective, and only a few were divided by it. 

(3) Eggs in which the second lobe was just beginning were centri- 
fuged for 7 minutes at 1850 r.p.m., and then for 10 minutes at 2920 
r.p.m. A few minutes later, when removed, the tops had separated and 
were elongated, as shown in Fig. 6. They were killed two minutes 
later, and stained (Figs. 34, 35, 36). Some of the eggs showed the 
metaphase plate of the second polar spindle in the center of the top; 
others near the surface in the oil field. Sixteen minutes after removal 
the tops were about twice as long as broad; i.e., they had shortened 
and rounded only to a slight extent. Thirteen minutes later some were 
more rounded, others were elongated and more of these showed a con- 
striction in the stained zone. Killed and stained two minutes later, 
some of the tops with a constriction showed the polar spindle in meta- 
phase near the constriction (Figs. 37, 38, 39) ; others, not constricted, 
showed an anaphase spindle in the oil field (Figs. 40, 41) ; and some 
had divided into two nearly equal parts with a nucleus in each part 
near the constriction (Figs. 42, 43). 

(4) Another set was centrifuged four minutes after the second 
lobe had begun to appear for 8 minutes at 1850 r.p.m., then for 10 
minutes at 2820 r.pm. When removed the tops were (after three 
minutes) about one and a half to two and a half times as long as 
broad (Figs. 7, 8). Sixteen minutes after removal the 86 tops were 
about one and a half times as long as broad. Eight minutes later many 
tops were slightly constricted, and 2 minutes later most of them were 
dividing. Those killed two minutes after removal from the machine 
showed a plate of chromosomes in the stained zone (Figs. 44, 45, 46). 
The tops, killed two minutes after the constriction appeared, were di- 
viding (Fig. 47); often these constrictions were deeper at one side 
(Figs. 48, 49, 50). In all cases a nucleus was present on each side of 
the constriction, and the sperm pronucleus was often seen in the polar 
half. Four other sets gave results similar to the foregoing. 

(5) A set of eggs was centrifuged, at the time when the second 
lobe was just appearing, at 1850 r.p.m. for 5 minutes, continued at 
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2820 r.p.m. for 10 minutes, then at 3200 r.p.m. for 24% minutes. The 
tops were left in the tubes 5 minutes longer and then transferred to 
sea water. At this time about half of the tops were about twice as 
long as wide; a few others were longer with a constriction near the 
middle, and the rest were oval or pear-shaped. Two of the living tops 
are drawn in Figs. 9, 10. The larger tops were dividing 13 minutes 
later (Figs. 11, 12, 13). At this time the second lobe had gone back 
in the control. The controls did not divide until 32 minutes later. 
Thus the division of the tops by the second spindle was a little delayed 
compared with the time of extrusion of the second polar body of the 
normal control eggs, but took place half an hour before cleavage of the 
latter. Sixteen minutes later all of the 56 tops had divided (Figs. 14, 
15). An hour and a half later one of the two halves was dividing or 
divided (Fig. 16, 17, 18). The other half was undivided. Some of 
the eggs had been preserved soon after removal from the machine. A 
plate of chromosomes (the mitotic figure for the second maturation 
division) lay in the middle of the stained zone (Fig. 51). Other tops 
were preserved after the maturation division (Fig. 52), and others after 
one of the two halves had divided (first cleavage, Fig. 53). The 
other half contained a nucleus, but was undivided. The former half 
presumably contained the sperm nucleus. 

(6) This set of eggs was centrifuged at the time when the second 
lobe was about one-third out at 1850 r.p.m. for 5 minutes, then at 2970 
r.p.m. for 12 minutes. The tops were off, and were left in the tube 
for an hour. When removed most of them were elongated and many 
constricted (Figs. 19, 20, 21, 22). Half an hour later both halves 
were more spherical (Fig. 23) and remained in this condition for 50 
minutes (Figs. 24, 25, 26), when one of the halves began to divide, 
almost always the polar half (Figs. 27, 28, 29). Eggs killed 6 minutes 
later showed a variety of conditions; some were still divided into two 
equal parts (Figs. 54, 55, 56, 57) ; two of these had a nucleus in each 
half; one had a division figure (anaphase stage, Fig. 56) in one half 
and the chromosomes irregularly dispersed at the division plane; one 
(Fig. 57) had a bridge of chromosomes across the division plane. Two 
tops are drawn in Figs. 58, 59, in which one half has cleaved into two 
cells, the other half has a small group of deeply stained chromatin. 
Two others (Fig. 60) have a line of chromosomes extending across the 
division plane. One, Fig. 61, has a small cell with a large nucleus in 
the bridge between the larger halves, and a dark mass of chromatin 
in one half which may be either the sperm nucleus or a part of the 
mitotic figure. 
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The outcome of these experiments shows clearly that the mitotic 
figure of the second polar spindle may' divide a fragment (itself about 
half the size of the egg or a little larger) into equal or nearly equal 
halves, provided the top is elongated at the time of division. This 
means probably that the normal division, at the second maturation, into 
a minute polar body and an egg is not due to any pecularity of polarity 
of the mitotic figure, but to its location on the surface of the egg. On 
the other hand, if the second spindle is driven into the whole egg, and 
the egg becomes spherical, it fails to divide the egg, unless, as previous 
work has shown (Clement, Morgan), the egg is elongated at this time. 


Tue First PoLar SPINDLE IN “ Tops” OBTAINED BY CENTRIFUGING 


In order to find out whether the first polar spindle could also divide 
the tops into equal parts, a number of sets of eggs were centrifuged 
at different stages in the development of the spindle. The results were 
negative. It was found that the spindle remained at the surface of 
the egg, or else moved there, and gave off a polar body. 

(7) A capsule, just laid, was opened, and the eggs centrifuged 
at once. A few eggs were preserved before centrifuging. These 
showed the chromosomes in metaphase in the polar hemisphere. After 
24 minutes on the machine tops separated from bottoms. They were 
much elongated at first. Six minutes later they were still elongated 
(Fig. 30), but not so much so as at first. One of the bottoms is drawn 
in Fig. 31. The tops became spherical and polar bodies were given 
off in or near the oil caps. None divided into equal parts at the time 
of formation of the first or of the second polar body. Later they 
cleaved into 2 cells when the first (delayed) cleavage was due. 

(8) Another set of eggs from a capsule just laid was centrifuged, 
in all 47 minutes; 5 minutes at 1850 r.p.m., 10 minutes at 2970 r.p.m., 
6 minutes at 3450 r.p.m., and 26 minutes at 2970 r.p.m. When re- 
moved the tops were greatly elongated (Fig. 32). The first polar 
body had not been given off. Twenty-four minutes later a polar body 
appeared in the oil in some tops, and during the next 20 minutes 
appeared in more tops. The first lobe of the control appeared 16 
minutes after beginning centrifuging; and the second when the tops 
were still on the machine. Sixteen minutes later, when the tops were 
more contracted, none had divided and several at least had two polar 
bodies. Most tops were constricted at this time, but no division oc- 
curred. There were, however, several fragments (in which no polar 
body was seen), which were deeply constricted, but as these did not 
contain the oil field they might be called middles. Later, after 26 min- 
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Fics. 1-33. Tops of eggs (except Figs. 2 and 31) separated over gum arabic. 
These are all drawn to the same scale from living material. For details see text. 
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utes, one third of these divided into equal parts. The control did not 
divide at this time so that these may represent either the first or more 
probably the second polar mitosis. In two of these only one of the 
equal cells divided again, as is the case of tops divided by the second 
polar mitosis. Some of the tops of this set, killed at the time of 
removal from the machine (Figs. 63, 64), showed the polar chromo- 
somes in the oil cap, possibly in anaphase. The sperm nucleus was 
deeper in the protoplasm. If, in some of these tops, the oil with the 
polar chromatin had been driven off, the middles with the sperm 
nucleus might be expected to divide at the cleavage stage, but I have 
no record of such cases. 

(9) Another set of eggs, centrifuged 42 minutes before the first 
polar body was due, was not divided by the polar spindles. 

(10) Another set was centrifuged one hour and 15 minutes before 
the first lobes appeared. Three tops divided into two parts at the time 
of the second spindle, but 86 did not. 

(11) Another set centrifuged for 19 minutes, one hour before the 
first lobe, at 1850 r.p.m. for 5 minutes, then at 2970 r.p.m. for 12 
minutes, and at 2970 r.p.m. for 2 minutes. When removed the tops 
were much elongated (Fig. 33), and no polar bodies had been given off. 
Seventeen minutes later polar bodies appeared in the oil, or at the side. 
Eighteen minutes later most of the tops were spherical ; some were still 
elongated. None had divided 35 minutes later. Tops killed when 
removed from the machine showed a metaphase plate in the polar part 
of the stained area (Fig. 62). Fifty minutes later two polar bodies 
were at the side of some tops, but none showed chromatin in the 
middle of the stained zone, i.e., the second spindle had come to the 
surface. 

The failure of the first spindle to divide the tops, as does the second 
spindle when driven from the surface, may be due to failure to have 
centrifuged at the right stage, but this seems improbable since a fairly 
wide range of times was tried. The failure may be due in part to the 
first spindle being driven into the oil region or near the surface, rather 
than into the protoplasmic zone. In other cases when the spindle was 
present in the top it moves to the surface of the oil or to the side of 
the top, and gives off one or two polar bodies there. It seems then 
that, compared with the behavior of the second spindle, the condition 
of the egg is such that the first spindle comes to the surface again 
while the second does not always do so. In what respect the conditions 
are different is impossible to state. The difference has nothing to do 
with the attachment of one pole to the surface in one case and not in 
the other, since in /]yanassa it is the whole polar spindle that is carried 
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Fics. 34-64. Tops of eggs drawn from preserved material. These are not 
on the same scale as Figs. 1-33. They were smaller, due to shrinkage in preserv- 
ing and mounting in balsam, and were enlarged and reduced on a different scale 
from those in Plate I. 
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into the interior, or else it is not moved at all. Neither a short, nor a 
long time in the centrifuge seemed to affect the results. It seems im- 
probable that the two spindles are in themselves different with respect 
to their power of dividing a fragment. The failure of the first spindle 
to divide the top in these experiments seems rather to be due to a 
failure to drive it or hold it in the middle of the fragment. Under 
other conditions it may be found possible to do this. 


CoNCLUSIONS 


When these results are compared with those obtained by Morgan 
(1935) and Clement (1935) where the eggs of //yanassa were elongated 
in the centrifuge but the tops have not pinched off, it is evident that 
in both it is the second spindle that caused the division of the egg or of 
the top, if at the time the whole egg or the top has retained to some 
extent its elongated shape. If the top contracts into the egg, the egg 
is not divided by the polar spindle, even although the second polar body 
is not extruded. It seems that the stretching of the egg is correlated 
with the division and is a contributing factor. I have discussed else- 
where whether there is any advantage in speaking of one of the parts 
after the division of the second spindle as a giant polar body and the 
other as the egg. It is even less apparent in the case of these tops that 
anything is to be gained by such a comparison. The main point is, 
I think, that the results show that the second spindle, removed from 
the surface by centrifuging, may divide the egg or fragment of the 
egg into two equal parts, provided the egg or the top is still elongated 
at the time of division. In the case of Crepidula, Conklin ascribed the 
formation of the giant polar bodies to the forcible removal of one 
daughter group of second polar body chromosomes from the other 
group. In Jlyanassa, on the contrary, the division is brought about by 
the removal of the whole mitotic figure from the surface, and in this re- 
spect it may appear that the division that follows may be more nearly 
compared with the maturation division that gives rise to a polar body. 
It would seem that the eggs of Crepidula and of Ilyanassa behave dif- 
ferently on the centrifuge and consequently their subsequent behavior 
is different. 
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BUDDING AND LOCOMOTION IN THE SCYPHISTOMAS 
OF AURELIA 


FRANCIS G. GILCHRIST 


(From the Hopkins Marine Station of Stanford University and the Scripps 
Institution of Oceanography) 


The Scyphozoa have three principal methods of reproduction: (1) 
sexual reproduction by means of gametes formed by the free-swimming 
meduse ; (2) lateral budding by the scyphistomas or polyps which de- 
velop from fertilized eggs; and (3) strobilization—a sort of transverse 
fission by which a scyphistoma gives rise to a series of young meduse. 
The studies here reported concern the second of these methods of re- 
production; namely, lateral budding. They concern also the closely 
related phenomenon of locomotion by means of “ sterile buds ” or pedal 
stolons. 

Lateral budding in a scyphistoma was described one hundred years 
ago by Dalyell (1834), who also saw strobilization (1836) and noted 
that after giving off the young meduse (ephyrz), the basal portion of 
the strobilizing polyp (strobila) returns to the vegetative or scyphistoma 
stage. Thus, according to Dalyell, the scyphistoma or “ Hydra tuba,” 
as he termed it, is a perpetual condition, able to maintain itself indefi- 
nitely by budding. Hérouard (1908) has described budding and loco- 
motion (“ métrotropism ”); while a fuller account is given by Pérez 
(1922) ; and more recently by Halisch (1933). The present account 
covers somewhat the same ground, but undertakes by observation and 
experiment, to discover the causal relations involved. In short, we 
shall attempt to be explanatory. 


MATERIAL 


The polyps used were presumably those of Aurelia, and were ob- 
tained in great abundance from the underside of an old float in a slough 
not far from Pacific Grove, California. They were obtained also from 
the hulls of destroyers which had lain at anchor for four years in San 
Diego Bay. I wish to acknowledge my indebtedness to the two Cali- 
fornia institutions whose guest I was while making these studies: the 
Hopkins Marine Station of Stanford University, located at Pacific 
Grove, and the Scripps Institution of Oceanography of the University 
of California, located at La Jolla. 
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A scyphozoan polyp (or scyphistoma) consists of two germ layers, 
ectoderm and entoderm, separated from one another by a thick layer of 
gelatinous mesogleea. Its body may be divided for purposes of de- 
scription into two parts: (a) a body portion proper, terminating distally 
in an oral disc (peristome) bordered by a circle of tentacles and sur- 
rounding the mouth. We may call this terminal portion of the body, 
for want of a better name, the “hydranth.” The lips of the mouth 
project somewhat, as a proboscis. The body is partially constricted in- 
ternally by four longitudinal folds of entoderm, the gastric ridges 
(tenioles). (b) Below the body is the stalk, a simple cylinder which 
ends in a base of attachment. Commonly there is a small amount of 


Fic. 1. Scyphozoan polyps (Aurelia) showing buds and pedal stolons. d 
and f are typical “fig-type” buds. c and g are pedal stolons. e¢ is a “ hydra- 
type” bud. a, b, and h are intermediate. 


transparent secretion about the base; but this is too delicate to serve 


for attachment. 
DESCRIPTIVE 
Buds and Pedal Stolons 


Buds and stolons develop from the wall of the lower body and stalk. 
They may be classified as of four principal types; although variation 
within limits, rather than conformity to rule, is the rule in scyphistomas. 

(1) The fig-type bud (Fig. 1, f and d) is an outgrowth of usually 
the lower body or upper stalk. Typically it is compressed from side to 
side, and it soon begins to constrict away from the side of the parent. 
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A mouth and circle of tentacles develop on the side of the bud which is 
towards the parent’s tentacles, while a tendril-like stolon grows out on 
the side of the bud away from its attachment to the parent. Sometimes 
the hydranth forms before the stolon appears ; sometimes the reverse is 
the case ; but most frequently the tentacles and stolon grow out at about 
the same time. In the course of a few days the stolon elongates, at- 
taches by its tip, and contracts; thus it draws the bud away from the 
parent (Fig. 2). A narrow strand of tissue composed of ectoderm 
only, remains for a time to connect the bud to its place of origin on the 
side of the parent. Budding of this sort has been described by Perez 
and Halisch. 

(2) A second type of outgrowth is the pedal stolon (Fig. 1, c and 
g). This is at first a blunt cone, which becomes more and more acute 


Fic. 2. Locomotion of buds. A is an adult polyp with older and younger 
stolons and from which a bud, B, has recently migrated. C is another bud mi- 
grating. 


until it is an elongated tendril of nearly uniform cross-section. Pedal 
stolons grow almost entirely from the upper stalk portion of the polyp. 
As a rule they are at first directed outward and upward, that is, away 
from the polyp’s base. Shorter stolons which attach rather promptly 
may grow downward from the lower part of -the stalk, especially in 
polyps which have been torn loose from their place of attachment. 

(3) An intermediate type of outgrowth is the stolonic-bud (not 
figured). This is similar to the pedal stolon in its manner of origin, 
and usually forms in about the same position. Its distal portion is in 
fact a pedal stolon ; but as it grows outward, its proximal portion draws 
to itself a more than usual amount of the body wall of the parent polyp. 
This gradually constricts away from the parent, and as it does so, it 
forms a mouth and tentacles on the side of the bud near its proximal 
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end. Sometimes two hydranths are formed side by side, instead of one. 
The stolonic bud differs from the fig-type bud in that the development of 
the hydranth and the process of constriction away from the parent do 
not occur until after the stolon has grown out, and even after it has 
attached. 

(4) The fourth sort of outgrowth is the hydra-type bud (Fig. 1, 3, 
but especially ¢). This is a cylindrical outgrowth, usually from the 
lower stalk. Its distal end forms a mouth and circle of tentacles. It 
does not soon form a pedal stolon, but remains attached to the base of 
the parent for a long time. Indeed, it may grow to be the size of its 
parent, with the result that small colonies of several individuals are 
sometimes formed. Ultimately, however, the buds separate by the 
formation of pedal stolons on the parent or on the bud, above the place 
of union. The stolon, after attaching and contracting draws the bud 
and parent apart. When the stolon is on the parent, the body of the 
parent may be drawn away, leaving the bud attached to the substrate by 
the old base of the parent. Such a method of separation is described 
as of regular occurrence in a scyphistoma of unknown genus (Renton, 
1930). 

The day-by-day history of the fig-type buds, the sequence of tentacle 
formation, and the descriptive aspects of locomotion by means of pedal 
stolons have been given by Pérez (1922) and independently by Halisch 
(1933). 


LocoMOTION 
The Method of Locomotion 


Pedal stolons serve two purposes: for locomotion and to provide 
new bases of attachment. The first process is seen to best advantage in 
the migration of buds away from the parent (Fig. 2). The stolon 
grows out on the side of the bud away from the parent’s body. It then 
attaches to the substrate, contracts, and so draws the bud after it. Then 
another stolon grows out on the side of the bud away from the parent ; 
and this in turn lengthens, attaches, and contracts. Thus step by step 
the bud moves from its place of origin. After perhaps six steps, the 
stolons appear less frequently and in less organized fashion; and al- 
though change of location still takes place, forward locomotion in one 
direction is not so consistently observed. 

Even in adult polyps, however, forward locomotion in one direction 
is occasionally seen (Fig. 3). A number of polyps were removed from 
the oyster shells to which they were attached, into a dish of sea water. 
Individuals were then chosen which showed neither buds nor stolons, 
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and these were placed in individual dishes. Twenty-four hours later 
most of them had developed stolons, and again twenty-four hours later 
most of them had attached. (Possibly isolation favored the formation 
of stolons, although this is not proven.) Careful drawings were made 
of certain individuals from day to day; and it was found that some sent 
out two or more stolons, either simultaneously or in close succession, 
which thus anchored the polyps to one spot; while the majority formed 
stolons one by one, roughly at two-day intervals. There was in some 
instances a tendency for stolons to form successively on the same side, 
so that a more or less directed locomotion took place. 


wer 


Fic. 3. Locomotion of an adult polyp. The same polyp was drawn on four 
successive days. The pedal stolons are numbered from 1 to 5 in the sequence of 
their formation. 


“ Life History” of a Pedal Stolon 


Locomotion by stolons will become clearer if we consider the “ life 
history ” of a single stolon (Figs. 3 and 4). (a) The stolon begins as 
a blunt, conical projection from the upper stalk portion of a polyp (Fig. 
3A, stolon 4). (b) It then elongates and pushes outward and some- 
what upward away from the base of the polyp (Fig. 3B, stolon 4). It 
continues to grow in length until it has become a tendril-like process 
composed of an ectodermal sheath with a solid entodermal core, free to 
wave to and fro in the moving water. Indeed, it apparently has some 
movement of its own. (c) When fully elongated the tip of the stolon 
(ectoderm) develops glandular cells and becomes adhesive. Coming 
into contact with some surface it attaches (Fig. 3C, stolon 4). (d) 
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Contraction follows immediately, and with so much power that the en- 
tire polyp is pulled toward the new point of attachment (Fig. 3D, stolon 
4). (e) The stolon now becomes for a time molded over into the base 
of the polyp; its attached tip becomes the foot (Fig. 3D, stolons 4 and 
3). (f) In due time another stolon forms, elongates, attaches, and 
contracts ; thus drawing the polyp onward. The old stolon (the base) 


Fic. 4. Living pedal stolons as seen with the high power of the microscope 
(optical sections). A, a young stolon with specialized ectodermal tip and core of 
entoderm. 8, the same contracted as a result of mechanical stimulation. C, en- 
larged detail showing margin of a tip undergoing attachment to the substrate. D, 
a stolon under tension following attachment. The core of entoderm is migrating 
baek into the stalk of the polyp in the direction of the arrow. £, attached stolon 
under tension. The adherent tip is anchored to the bottom of the dish by means 
of fibrils. The core of entoderm is partly withdrawn. F, an old stretched stolon. 
The entoderm has become reduced to a thread with a few cells scattered along it. 
Cnidoblasts are shown in this and other figures. 


is thus stretched out into a thread composed almost solely of ectoderm, 
which for a time retains its attachment to the substrate (Fig. 3A to D, 
stolon 2). (g) Soon, however, the old stolon breaks from its attach- 
ment, and is withdrawn into the side of the stalk of the polyp, usually 
with some debris adhering (Fig. 34 and B, stolon 1). The entire his- 
tory of a pedal stolon thus suggests strongly the behavior of a pseudopod 
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of a rhizopod protozoan ; except, of course, that the stolon is composed 
of many cells. 

The above description applies when one stolon is formed at a time. 
When several are formed, each one cannot become a base (Fig. 24). 
Some develop tension without being able to shorten. After a day or so 
in this case also the entodermal core is withdrawn; and still later the 
ectoderm pulls away from its attachment and is withdrawn. 


Réle of the Germ Layers in Locomotion 


Observations under the high power of the microscope make it clear 
that the two germ layers of the polyp play diverse rdles in the processes 
of budding and locomotion. We shall not discuss their parts in the 
development of a hydranth at this time, except to note that the entoderm 
comes very close to the ectoderm in the region where ‘a mouth is form- 
ing, and in the regions where tentacles are about to grow out. (a) The 
first visible evidence of a bud or stolon, similarly, is a conical projection 
of entoderm as seen through the overlying transparent ectoderm. The 
tip of the entoderm seems to push away the intervening mesogloea and 
to come into actual contact with the ectoderm. (b) As the stolon grows 
outward a rearrangement of the entoderm takes place (Fig. 44). The 
entodermal cells of the wall of the stalk migrate actively into the form- 


ing process and rearrange themselves into a solid core. The ectoderm, 
meanwhile, undergoes little change in its appearance and in the arrange- 
ment of its cells, except that it grows thinner. (c) An exception to the 
above statement is the ectoderm of the tip of the stolon, which thickens 
and becomes glandular. It is worth noting again that it is in this re- 
gion that the ectoderm is in most close contact with the underlying 


entoderm. 

If an elongated stolon be mechanically stimulated, a contraction of 
the ectodermal sheath takes place (Fig. 48). The tip does not con- 
tract, and the entodermal core appears to be only passively compressed. 
Its cells become disc-shaped, and give the appearance in lateral view of 
a pile of coins. Contraction of this sort, however, is only temporary ; 
and in a short while (an hour or two) the stolon is again fully elongated. 

(d) Contact of the tip of the stolon with the substrate stimulates 
the glandular cells to discharge a cementing substance in the form of 
fibrils (Fig. 4C). On coming into contact with the solid surface the 
ends of these fibrils adhere firmly and so serve to anchor the tip of the 
stolon. Heérouard (1911) has described and figured a process of the 
formation of “ tonofibrilles” which differs in some details from the 
above statement. As this process is taking place the tip of the stolon 
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spreads out and flattens down in close apposition to the surface. A 
thin perisarc, a sort of mucus, is secreted around this area of attach- 
ment (Fig. 4£). (e) Contraction of the stolon follows. This begins 
with a flow of the core of entoderm toward the body of the polyp (Fig. 
4D). The flow is most rapid in the middle, with the result that the 
entodermal cells become convex in the direction of the polyp’s stalk. 
As the entoderm is withdrawn, the space between the ectodermal sheath 
and the entodermal core becomes wider and wider (Fig. 4£). If a 
stolon should be torn from its mooring at this stage of contraction, a 
contraction of the ectoderm takes place, and the narrow entodermal 
core is thrown into a spiral coil within the ectoderm. (f) On reach- 
ing the stalk the entodermal cells rearrange themselves again into the 
entodermal layer of the body wall. This involves, of course, the de- 
velopment of a cavity between them. 

(g) As the entodermal core is withdrawn the ectodermal sheath 
develops tension. If the polyp is free to move, it is pulled toward the 
new point of attachment, which thus becomes the new base. If, how- 
ever, the polyp is not free to move by reason of other attachments, the 
entoderm becomes drawn out into a thin axial thread with a few ento- 
dermal cells scattered along it (Fig. 47). After thus serving for a 
time as an anchoring line, the ectoderm finally pulls away from its 
attachment and is withdrawn into the side of the stalk. 


Morphallaxis of the Stalk 


From the descriptions just given, it will be seen that the stalk por- 
tion of a polyp is of remarkable plasticity. It continually changes its 
form and structure as one stolon after another is formed and resorbed. 
The process is not to be classed as growth in the usual sense, since it 
does not involve an increase in the size and number of cells. Rather, 
the cells change their shape and to some extent their specifications. 
First, for example, the upper stalk cells become stolon cells with the 
tendency to form a solid process. Then, after the stolon has attached, 


they become progressively transformed into stalk cells again. Plastic 


molding of this sort was termed by Morgan “ morphallaxis.” 

Usually when a stolon attaches and contracts, the stalk becomes bent 
downward toward the new attachment (Fig. 3B). In recovering its 
upright position, material is withdrawn (especially entoderm) from the 
old base and stolon (Fig. 3C and D). Looked at grossly there is thus 
a flow of materials of the stalk from the side on which old stolons are 
being resorbed to the side on which new stolons are forming. This 


movement was demonstrated in an experiment in which spots of vital dye 
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(Nile blue sulphate) were placed upon the side of the upper stalk. 
(The polyp was laid on a piece of paper and a crystal of the dye was 
touched to the surface for a few seconds. The polyp was then returned 
to sea water and any adhering dye was washed off.) In some instances 
stolons grew out from the region of the spot, or from just above the spot. 
It was then observed that the spots elongated into the stolons. Later, 
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Fic. 5. Reconstitution from small pieces. A is a small piece taken from the 
oral disc (peristome). 8B, C, and D are tentacles with a small amount of adjacent 
material from around their base. E is a piece of entoderm which has rounded but 
not undergone regeneration. F is a comparable piece of ectoderm. It has formed 
a complete polyp. G and H have regenerated from very small fragments of 
ectoderm. 


when the stolons were resorbed, the marked areas again became com- 
pact spots, but upon the side of the stalk opposite to that upon which they 
were originally placed. 

EXPERIMENTS 

Reconstitution 


Regeneration of Small Fragments—Animals which possess the 
capacity for vegetative reproduction are as a rule also able to regen- 
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erate themselves from pieces. This is true of scyphozoan polyps. In- 
deed, no part of this animal is without some power of restitution, al- 
though the power differs from region to region both in degree and in 
kind. 

Small pieces roughly one millimeter square isolated from different 
locations behave differently. (a) A piece cut from the oral disc 
(peristome), and including a part of the oral lip but no tentacles, will 
roll itself together and will regenerate one mouth, sometimes two mouths ; 
but usually no tentacles nor any part of the body below the tentacles are 
formed (Fig. 5A). (b) A similar piece taken from the region of 
tentacles will close and regenerate lips and oral disc, sometimes addi- 
tional tentacles, but usually no body (Fig. 5, Band C). If a tentacle 
has been cut off it will grow out again. Sometimes the stump of a 
tentacle will regenerate a bifurcated tentacle. (c) An isolated ten- 
tacle heals its cut end but otherwise undergoes little change. It may 
live for days, swimming about as though it were a ciliated worm. Oc- 
casionally a tentacle cut close to its base regenerates a small mouth 
(Fig. 5D). (d) A piece of the upper body removed from just below 
the circle of tentacles promptly regenerates an oral disc and tentacles. 
(e) From the upper body region downward to the attached base there 
is a gradual decrease in hydranth-forming tendency. The hydranths 
which are formed at lower levels are smaller, of fewer tentacles, and 
require a longer time for their regeneration. Considerable variability 
in hydranth-forming power exists, however, especially at the lower body 
and upper stalk levels. Some pieces form whole, well-proportioned 
polyps, and do so quite promptly. Other pieces from the same level 
form single large stolons, or even two stolons. No doubt this variability 
reflects the bud-forming or stolon-forming tendencies which were present 
in this region of the polyp at the time the pieces were isolated. (f) 
Pieces taken from the basal end of the polyp or near it usually round 
up into a ball and secrete a loose perisarc about themselves. (g) Iso- 
lated stolons commonly attach by their tips and then, after contracting, 
regenerate entire small polyps (Fig. 9A-D). The gradient of hy- 
dranth-forming tendency, which has just been described, is illustrated 
in the behavior of transverse segments as shown in Fig. 6. Segments 
b and c, which are from the upper body, have their hydranths fairly 
well reformed on the third day. Segments d, e, and f, which are from 
the lower body and upper stalk have small hydranths on the seventh 
day. Stolons are most advanced in segments c, d, and e. Segment g 
has rounded up and secreted perisarc. Later it may break from its 
perisarc and regenerate a very small polyp. 

These observations show that invisible differentiation (segregation, 
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chemo-differentiation, determination) is present in the polyp. No two 
parts behave in the same fashion when they are isolated. The invisible 
differentiation is not complete (stable or irreversible determination) 
except apparently in the oral lips and tentacles. Elsewhere large powers 
of regulation remain; or in other words, invisible differentiation is in- 
complete (labile determination), and redifferentiation is possible. In- 
visible differentiation reveals itself principally in formative tendencies ; 
that is, in hydranth-forming tendencies which are strongest at the upper 


Fic. 6. Reconstitution from transverse segments. Note the decreasing 
hydranth-forming tendency from a to g; the pronounced stolon-forming tendency 
in ¢ to e; the base-forming behavior in g. a, b, and c were drawn on the third 
day; d, on the fourth day; e¢, f, and g on the seventh day. 


end of the polyp and decrease toward the lower end, and in base-forming 
tendencies which are strongest at the lower end. The power to form 
typical pedal stolons is greatest in pieces from the upper stalk area. 


Polarity in Regeneration 


Polarity in the scyphistomas is similar to the same phenomenon in 
Hydra and the hydroids. In general, transverse sections regenerate 
apico-basally; that is, with the hydranth formed from the upper cut 
surface (Fig. 6, b to f). Sometimes, however, sections cut from just 
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below the circle of tentacles regenerate biapically; that is, with a hy- 
dranth from both the upper and the lower cut surfaces (Fig. 7A, B, and 
C). This is most likely to occur if the section be thin. 

Longitudinal halves and quarters of polyps from which the hydranth 
has been removed regenerate asymmetric hydranths, which reveal both 
the inherent polarity of the piece and the orienting effect of wounding. 
If the piece be long the new hydranth is formed from the upper cut 


Fic. 7. Polarity in regeneration. A, B, and C. Thin transverse sections 
from the upper body region frequently regenerate biapically. D and E. A longi- 
tudinal quarter of a polyp (hydranth removed) regenerates obliquely, that is, with 
the hydranth facing upward and also inwards. F and G. A quarter of a body 
segment regenerates with the hydranth facing inwards, at right angles to the 
original polar axis. H. Similar to G except that the large entodermal gastric 
ridge prevented closure of the wound. Oral lips and tentacles have formed from 
the margin of the wound. 


end ; but the hydranth is oblique, facing inward as well as upward (Fig. 
7,D and E). If, however, the piece be short, the new hydranth may 
be entirely symmetric and face directly inward (Fig. 7, F and G.) The 
oral lips and tentacles are in this case formed from the cut margins of 
the piece. Indeed, the wound may never close, as in cases in which the 
entoderm of the gastric ridge is disproportionately large (Fig. 7, H.) 

These facts suggest that polarity in scyphistomas is less a matter of 
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orientation (for example, of molecules or of “intimate structure ”’) 
than it is of gradation. The upper body portion is strongly hydranth- 
forming. Moreover, the hydranth-forming potential is not greatly dif- 
ferent between the opposite surfaces of thin pieces taken from just 
below the tentacles. Were polarity primarily orientation, the propor- 
tion of biapical regenerates would not increase as sections are cut 
thinner. If the basis of polarity is orientation, it must be of a very labile 
nature, to account, for example, for the change in the direction of 
polarity which results from wounding. 

Unlike the hydranths, the pedal stolons do not form at cut surfaces. 
In the case of biapical regenerates they form from the side of the piece. 
In monapical regenerates they form from uninjured body wall just to 
one side of the healed lower cut surface. In longitudinal pieces the 
stolons form from the non-wounded surface (see later). It is obvious 
that stolon formation obeys different laws with respect to polarity and 
with respect to the effects of wounding, from the laws of hydranth 
formation. 


Regeneration from Ectoderm and Entoderm 


It is fortunately possible to separate pieces of ectoderm and entoderm 
and to observe the behavior of these two germ layers separately in ex- 
plants. It is then found that entodermal pieces round up into ciliated 


balls, which may remain alive and rotating for several days, but which 
do not regenerate (Fig. 5, E). Pieces of ectoderm, on the other hand, 
round up, and within a period of 7 to 11 days regenerate small, com- 
plete polyps (Fig. 5, F, G, and H). The evidence indicates that ento- 
derm is irreversibly differentiated as entoderm, whereas ectoderm is 
labile and dependent for its differentiation. (The reversibility of the 
ectoderm is presumably due in whole or in part to the presence in ecto- 
derm of so-called interstitial or restitutional cells.) Whether or not 
the entoderm is regionally differentiated has not been directly deter- 
mined. There is, however, indirect evidence that it is. 

When ectoderm is isolated alone it rounds up and within a few days 
regenerates fairly well balanced polyps, the number and size of the 
tentacles of which depend on the size of the piece (Fig. 5, G and #7). 
The form of the regenerate has little relation to the region of the polyp 
from which the ectoderm is taken. (Ectodermal explants have not 
been made from the oral disc, tentacles, or base.) Pieces from the stalk 
region, however, are somewhat slower regenerating than pieces from 
the body. When ectoderm and entoderm are isolated together, the re- 
generates reveal very distinct regional differences, as has already been 
described. These observations indicate that regional differentiation 
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exists primarily in the entoderm, and that the ectoderm is largely de- 
pendent upon the entoderm for its regional characters. 


LocoMOTION 
Experiments on the Origination of Stolons 


In the preceding section we noted that the pedal stolons of the 
scyphistomas typically form from the upper portions of the stalk, and 
that as they grow outward they tend to point upward away from the 
base. They also have a tendency to form on the side of the stalk away 


Fic. 8. Pedal stolons formed by half polyps. A. A polyp has been cut ap- 
proximately into halves. B. The piece which retains the base forms a typical pedal 
stolon from the side opposite the cut. C. The piece which lacks the base forms a 
short stolon from near the lower end. D. A half polyp in locomotion toward the 
left. E. Later stage of the same polyp. 


from the remnants of older stolons. These facts suggest that the base 
and the older stolons have an inhibiting influence upon the formation 
of new stolons. 

To test this assumption two experiments were performed : 

(1) Twenty polyps were selected which showed neither buds nor 
stolons, and to which no injury had been done. A bit of the calcareous 
substrate adhering to the base was taken as evidence that the base was 
intact. From ten of these polyps the base was then cut away. Twenty- 
four hours later about equal numbers of the operated and the unop- 
erated polyps (five and six respectively) had produced stolons. The 
rate of stolon formation is therefore not greatly, if at all, influenced by 
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the removal of the base. But the stolons of the two groups were char- 
acteristically different. In all but one instance, the operated animals 
produced stolons which grew downward from the lower end of the re- 
maining stalk; while the control group produced long, typical pedal 
stolons which grew upward and outward from the side of the stalk. 
The experiment was repeated with similar results. 

(2) Twenty polyps were again selected as before, but were cut 


Fic. 9. Operations on pedal stolons. A. A section of the stalk including a 
beginning stolon. B, C, and D. The stolon elongates, attaches, and contracts, and 
in due time regenerates. E. An isolated stolon which has developed a branch 
stolon at its base. F. The original stolon has attached and contracted; but the 
branch stolon remains unattached and elongated. G. A pedal stolon was crushed 
near its proximal end and immediately contracted in the region of injury (tempo- 
rary contraction). H. Later the tip attached and permanent contraction took 
place. J. An isolated stolon was cut into two pieces. J and K. The distal piece 
remained elongated until its tip attached, when it contracted. L and M. The 
proximal half immediately rounded into a ball which later adhered lightly to the 
bottom of the dish. 


longitudinally into halves, except that in each instance the cut passed 
just to one side of the base (Fig. 8, 4). Forty-eight hours later essen- 
tially the same numbers of each group had produced stolons (15 of 
those with base; 17 of those without). In most cases those without a 
base had produced short, downward-growing stolons (Fig. 8, C) ; while 
all those with a base had formed upward and outward-growing stolons 
(Fig. 8, B). Thus again the presence of a base influenced the place of 
origin and the direction of growth of the stolons. 
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A further observation in connection with this latter experiment is 
important : The stolons always grew from the uninjured side of the half 
polyp. This was not only true of the first stolon, but of several suc- 
ceeding stolons as well (Fig. 8, D and £); with the result that the 
partial polyps locomoted in one direction for a time; namely, in the di- 
rection away from the injured side. 

These observations may be summarized by saying that (1) the rate 
at which stolons are formed is little if at all influenced by the presence 
or absence of a base, or by wounding ; but (2) the position and direction 
of outgrowth of each new stolon is definitely affected. New stolons 
commonly grow from that portion of the stalk which is farthest from 
the base, and on the side opposite to the remains of older stolons. New 
stolons also grow from the side opposite a lateral wound. 


Experiments on the Elongation of Stolons 


A pedal stolon begins as a blunt cone, first of entoderm, then of 
entoderm and ectoderm as well. Within the space of a few hours it 
elongates until it has become a long, thin, tendril-iike process with a 
solid core of entoderm. What processes are involved? We have al- 
ready observed that elongation is a process of morphallaxis, in which 
the growing stolon draws to itself material from adjacent regions of the 
stalk. Experiment confirms this observation, and also indicates the 
primary role of the tip in the process of outgrowth. 

(1) In several experiments beginning stolons were cut away along 
with a greater or less amount of the stalk (Fig. 9, 4). In most cases 
the stolon continued to elongate, and in some instances (provided the 
base was not included) the entire fragment became transformed into a 
thin stolon of nearly uniform cross-section (Fig. 9, B). From this we 
conclude that the stolon is a “ self-differentiating ’’ system, physiologi- 
cally independent of the polyp proper, and capable of exerting some 
measure of control over stalk material immediately surrounding the base 
of the stolon. 

(2) In further experiments the tips of elongated stolons were 
crushed by pinching them with forceps. The stolons immediately con- 
tracted; and within the space of a few hours they usually had become 
completely withdrawn into the material of the polyp stalk. In some 
instances, however, when the injury was not too great, the tip was able 
to reorganize itself, or a new tip just proximal to the injured tip was 
formed. When this occurred the stolons re-elongated. Again, when 
the tip of a stolon was lightly stained with the vital dye, Nile blue sul- 
phate, it remained extended; but when the staining was heavy, the 
stolon contracted. In several instances after such a contraction a new 
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tip developed just proximal to the stained region, and the stolon again 
elongated. 

We conclude from these experiments that the outgrowth of a pedal 
stolon is a self-determined morphallactic process, independent of the 
polyp proper, but dependent upon the presence and activity of a free 
and uninjured tip. 


Experiments on the Contraction of Pedal Stolons 


The contraction (or retraction) of a stolon normally takes place 
immediately after its tip has attached to some solid object. If attach- 
ment fails to occur, the stolon may remain elongated for two or more 
days without contracting. The following experiments show that physio- 
logical continuity with an unattached tip is necessary if stolons are to 
remain uncontracted. 

(1) It was regularly observed that when stolons are cut away from 
the polyp proper, they remain elongated until and unless the tips adhere 
to the substrate. The stimulation which results from injury at the 
proximal end of the stolon at most produces a slight, temporary contrac- 
tion of the ectodermal sheath. When the tip adheres to the substrate, 
however, the isolated stolon immediately and permanently contracts into 
a ball (Fig. 9, C). Control is obviously from the tip. A week or so 
later the ball will have regenerated a tiny whole polyp with mouth and 
circle of tentacles (Fig. 9, D). 

(2) In many instances isolated stolons developed a second tip, 
usually near their proximal end. When this occurred a branch stolon 
grew out (Fig. 9, £) under the controlling influence of the second tip. 
It was then noted that when one of the tips attached to the substrate, 
only that portion which was under the control of that tip contracted. 
The part under the control of the free tip remained elongated (Fig. 
9, F). 

(3) When isolated stolons are cut into two or three pieces, the 
distal pieces with their free tips invariably remain elongated until and 
unless attachment occurs (Fig. 9, /, J, and K). (The few exceptions 
were presumably due to injury to the tip.) The proximal and inter- 
mediate pieces, on the other hand, invariably round up into balls (Fig. 9, 
I,L,andM). Occasionally after rounding up, such a piece may develop 
a tip and then re-elongate ; but in every case observed the time interval 
was long (at least twenty-four hours), and the phenomenon was clearly 
one of regeneration. 

(4) When an elongated stolon is crushed by a pair of forceps at 
some point between the tip and its base, a wave of contraction spreads 
in both directions from the point of injury. The contraction which 
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moves toward the tip is temporary (it is apparently of ectoderm only), 


and indeed it never quite reaches the tip (Fig. 9, G). In a short time 
this distal portion is again elongated. The contraction which moves 
proximally, on the contrary, is permanent. (It presumably is a tem- 


porary ectodermal contraction followed by complete ectodermal and 
entodermal retraction.) A day later the proximal portion, in the case 
of isolated stolons, is rounded into a ball. In the case of stolons which 
have not been cut away from the polyp, the portion proximal to the 
cut becomes completely resorbed into the stalk, while the distal part may 
dangle as a loose appendage connected with the polyp by a thin filament 
of ectoderm only. In Fig. 9, H such a piece has attached to the sub- 
strate and contracted. 

(5) Ligatures of fine thread were tied about elongated stolons, 
breaking the continuity of the entodermal core but not of the ectodermal 
sheath. It was then observed that the portions of the stolons proximal 
to the ligatures promptly contracted, and in many instances succeeded 
in drawing the distal portion through the ligature and into the wall of 
the polyp stalk. Any portion of the stolon which remained distal to 
the ligature, however, continued elongated. 

These several experiments plainly indicate that the control within 
the stolon is a one-way control, that it is of the tip over more proximal 
levels, and that physiological continuity, especially of the entoderm, is 
essential if the stolon is to remain elongated. It is further noted that 
neither the stimulus of wounding, nor the effects of healing of the 
wound, have a permanent effect upon the stolon in producing contrac- 
tion. Only the attachment of the tip, or injury to the tip, or the 
removal of the tip is effective. 

It has been emphasized that the presence of a free tip is necessary 
if the stolon is to remain elongated. However, if the cut be clean and 
very close to the end of the stolon, so that a part of specialized ectoderm 
of the tip remains as a part of the stolon, the stolon may in some in- 
stances remain elongated and in due time attach and contract normally. 
It thus appears that the functional “tip” of the stolon is the terminal 
glandular region of the ectoderm. 


DIscuUSSION 


General Formative Principles 
The polyps which we have just described come as near to being the 
plastic “candle flames” and “whirl pools” which Thomas Henry 
Huxley and others have discussed as any objects of animate nature, 
certainly as any objects among the Metazoa. However, they are not 
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without a considerable degree of stability of structure. The upper 
body possesses a definite morphology which is relatively constant. The 
lower body and stalk, although plastic and changing, nevertheless per- 
form according to certain general principles. Still, it cannot be said 
that these principles are always rigidly obeyed. 

As a first principle we note that although the outgrowths which take 
place from the lower body and stalk possess one or the other or both of 
two potentialities ; namely, the power to form hydranths and the power 
to form stolons; yet these two potentialities are not realized to the same 
extent and in the same way at the different levels of the polyp proper. 

(a) The power to form a hydranth may be realized at any level 
below the polyp’s hydranth. In the lower body and upper stalk, how- 
ever, there is a sort of opposition between the parent hydranth and the 
bud hydranth, which leads to the bud promptly pinching itself away 
from the parent (fig-type of bud), and retaining its connection with 
the parent by only a thin strand of ectoderm. When the differentiation 
of a bud hydranth is delayed (stolonic buds), the pinching away from 
the parent is also delayed. In the lower stalk region no such opposition 
exists, and the buds which are formed here (hydra-type buds) long 
remain attached to the parent by a broad, fleshy union. Intermediate 
conditions are to be found at intermediate levels. 

The experiments upon the regeneration of fragments show that the 
power to form hydranths is greatest in the material immediately below 
the circle of tentacles; yet buds do not normally form here. It is ob- 
vious that the hydranth of a polyp inhibits the formation of a bud and 
so of a second hydranth in the very region where the tendency to form 
hydranths in explants is strongest. 

(b) The potentiality of stolon production is most pronounced in 
the upper portion of the stalk. It is here that the more typical stolons 
are produced; and it is here also that the buds (fig-type) are most 
certain to form stolons. In the lower stalk region there is an opposition 
or incompatibility between the polyp proper and the production of 
stolons, with the result that but few stolons are produced, and these 
are not typical stolons, but short processes which attach quickly. The 
buds of this region (hydra-type buds), moreover, are mostly without 
stolons. 

Why does this incompatibility exist? A first hypothesis is that the 
base and the older stolons exert some sort of inhibitory influence upon 
the production of new stolons. Against this view, however, is the fact 
that the removal of the base has little if any influence on the rate at 
which new stolons form. A second possible hypothesis is that the 
entoderm in the region where new stolons form is in a sense “ younger ” 
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entoderm, that is, it has not been involved in stolon-forming activity for 
a longer period of time. 

In brief, the location and structure of the several types of buds and 
stolons illustrate a principle of opposition and toleration: opposition 
between parent hydranth and the bud hydranth, and between the base 
and the stolon; toleration, however, of hydranth for stolon, and of 
base for buds. Buds and stolons develop most frequently at inter- 
mediate levels because the material of these intermediate levels is less 
differentiated either hydranth-ward or base-ward than that of the upper 
and lower levels. 


The Réle of the Germ Layers 


A second principle to be noted concerns the parts played by the two 
germ layers in budding and locomotion. The entoderm appears to play 
the independent role. Its cells rearrange themselves in characteristic 
fashion as the bud develops or as the stolon forms and elongates. The 
ectoderm appears to be more passive, responding perhaps to some sort 
of inductive stimulus of the entoderm, especially where the ectoderm is 
in close contact with the entoderm; or adapting itself to the form as- 
sumed by the entoderm. Except in the tentacles, at the oral lips, and 
at the tips of stolons little specialization of the structure of the ectoderm 
is to be observed. 

There is experimental evidence that the entoderm is the principal 
seat of invisible differentiation. When small pieces of ectoderm from 
the body or stalk are isolated they constitute themselves into whole and 
fairly well-balanced polyps, and they do so quite irrespective of whether 
they are from upper or lower levels. Similar pieces of entoderm show 
a higher degree of differentiation by not regenerating. Pieces which 
are composed of both ectoderm and entoderm, however, regenerate, but 
show strong regional differences, both qualitative and quantitative. 


Buds 


Why do buds arise? There is no answer more satisfactory than 
that given by Child—that they arise as a result of physiological isola- 
tion when the region which becomes the bud escapes from the dominat- 
ing and inhibiting activity of the parental hydranth. They do not arise 
near the upper end because the inhibitory activity of the parental hy- 
dranth is strongest here. They do not arise at the lower end because 
the hydranth-forming power is weakest here. They arise at an inter- 
mediate level. The pinching away of the bud from the parent’s body 
accompanies the differentiation of the bud hydranth. 
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An important feature to note is that the pinching away of the bud 
is at first complete only so far as the entoderm is concerned. The bud 
may retain its connection with the parent by a strand of ectoderm for a 
considerable time. The morphogenetic correlations seem to take place 
within the entoderm. 


Pedal Stolons 


Origination—The problem of the origin and behavior of pedal 
stolons is of special interest. The polyps produce pedal stolons (also 
buds) one after another more or less continuously. Isolated pieces 
sooner or later produce stolons. Why then do stolons originate? The 
answer is not “ polarity,” for the stolons usually form at intermediate 
levels, and in explants they sometimes arise very close to the hydranth. 
It seems as though something accumulates in less differentiated regions 
which leads to the production of stolons. 

The earliest sign of a pedal stolon is a cone of entoderm on the side 
of the stalk, which pushes outwardly, displacing the intervening meso- 
gloea, and comes into close contact with the surface ectoderm. As soon 
as this occurs the ectoderm responds by becoming the “tip” of an 
outgrowing stolon. One is inclined to interpret the process as an 
“induction” comparable to that by which, in amphibian development, 
the chorda-mesoderm of the primary archenteric roof induces overlying 
ectoderm to become the neural plate. However, critical experiments 
upon this phase of stolon development have not yet been performed. 

Elongation.—As soon as a specialized tip is present the stolon elon- 
gates ; and it does so by drawing to itself material from the stalk. Hav- 
ing elongated, it continues in this state, so long as the tip is free, so long 
as it is uninjured, and so long as physiological continuity remains be- 
tween the tip and the remaider of the stolon. Something which the tip 
does produces elongation. What may be the nature of this action? 

A first suggestion is that the tip dominates in the physiological 
manner which Child has frequently described. The pedal stolon is then 
to be compared with a bud; its tip is the apex of the bud. According 
to Child a bud originates when some region on the side of the parent’s 
body becomes so increased in its rate of physiological activity that it 
becomes “ physiologically isolated” from the individuating forces of the 
remainder of the animal. The region then begins to grow away from 
the parent and to differentiate into a new individual. Child (1929) 
was able to produce such a bud experimentally in the hydroid Cory- 
morpha, a form which normally never produces buds in nature, by 
merely wounding the side of the stalk of the polyp. The first sugges- 
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tion, then, is that the outgrowth of a pedal stolon is an example of 
physiological isolation and comparable to budding. The tip of the 
stolon is physiologically dominant, the remainder of the stolon sub- 
ordinate. 

Several observations indicate against this hypothesis and emphasize 
the contrast rather than the similarity between the origin of buds and 
the origin of pedal stolons. 

(1) The tip of a stolon never differentiates into the apex of a 
polyp; that is, into a hydranth. Indeed, the opposite occurs. When 
a stolon is cut away and attaches by its tip, it is very apt to regenerate 
a small hydranth; but in this case the apex of the hydranth is always 
formed at the proximal end of the stolon. In fig-type buds, similarly, 
the physiologically dominant apex of the bud becomes the oral region of 
a hydranth ; but the stolon is an outgrowth from the side of the bud of 
a different physiological nature. 

(2) A hydranth may be produced by the stimulation of wounding, 
but stimulation or wounding never produces stolons. Again, the oppo- 
site is the case. When a polyp is divided longitudinally, the stolons 
always form from the uninjured surface of the pieces. Moreover, 
stimulation or injury to the tip of an elongated stolon results in the 
immediate retraction of the stolon. 

(3) The development of a hydranth seems to depend upon some 
general and quantitative property of the cells which produce it, such 
as a liigh rate of metabolism; but the development of a pedal stolon 
depends upon the presence of a definite specialized region which we 
have called the tip. So long as a part of this specialized tip is present, 
elongation continues; but if the specialized tip is removed, contraction 
takes place. 

A second hypothesis to account for the control which the tip of a 
pedal stolon exerts over the rest of the stolon is that the tip is an organ 
of internal secretion and produces a hormone, which, diffusing into the 
entoderm, causes the latter to organize itself as the central core of a 
stolon. This hypothesis recalls the activity of the growth hormone of 
plants, auxin. It has been found that in plants the growing tips of 
most stems, petioles, flower stalks, and coleoptiles produce a substance 
which, diffusing from the tip into the regions immediately below, induce 
the cells of the latter to elongate in a longitudinal direction (see Went, 
1935). May it not be that something comparable to this takes place in 
the pedal stolon? May we not suppose that the specialized glandular 
cells of the ectodermal “tip” of the stolon act as an organ of internal 
secretion and synthesize a “ growth hormone” which diffusing into the 
entoderm causes the cells of the latter to arrange themselves into a 
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solid core? May we suppose that this internal secretion of the hormone 
continues until the specialized cells come into contact with a solid surface 
(or are injured) and discharge their cementing substance to the out- 
side? Internal secretion then ceases, the hormone supply is cut off, 
and the elongated stolon is retracted. 

This hormonal hypothesis seems to cover the facts. However, be- 
fore it can be more than a mere working hypothesis, it will be necessary 
to know more concerning the structure and interrelations of the germ 
layers at the tip of the stolon; and grafting experiments will have to be 
performed. 

If we may provisionally accept this hormonal hypothesis, then it 
follows that within the polyp we have two different physiological types 
of control: (a) Within the hydranth we have dominance and subordina- 
tion of the sort which Child has described. In relation to a gradient- 
field which is established, the localization and differentiation of the zones 
of the hydranth is accomplished. Dominance of this sort is not due to 
a specific influence emanating from the functional apex, but rather to 
the establishment of a labile configuration of forces with the apex as 
its center (see Gilchrist, 1937). (b) We have secondly, by hypothesis, 
hormonal control within the pedal stolon. The early differentiation of 
one small region as a specialized organ of internal secretion results in a 
definite arrangement of the cells in the surrounding area, and a stolon 
is produced. 

Both controlling regions, the lips of the mouth and the tip of the 
pedal stolon may be termed apices or “centers of organization”; but 
the apex of the hydranth dominates because of its high rate of physio- 
logical activity and its influence on the configuration of forces in the 
gradient-field; while the apex of the stolon controls because of the ac- 
tivity of a specific product of its metabolic activity. The first type of 
control is quantitative and dynamic; the second qualitative and chemical. 
The first, to employ Child’s (1921) terminology, is transmissive; the 
second is transportive. Moreover, the differentiation of the hydranth 
and the development of the stolon are different sorts of processes. The 
first is a relatively irreversible process in which cells become specialized 
as oral lips, peristome, or tentacles. The formation of a stolon, on the 
contrary, is entirely reversible. It is a temporary arrangement of the 
nature of a morphallaxis, which persists only so long as the hormonal 
control emanating from the tip persists. 

Contraction—We have described two different types of contraction, 
which we may designate as temporary and permanent contraction. 
Temporary contraction takes place when a stolon is mechanically stimu- 
lated, as by pricking it with a needle or pinching it with forceps. The 
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wave of response is then seen to move in both directions from the point 
of injury, although the wave which moves distally may never reach the 
tip. Temporary contraction of this sort is never complete, and is ap- 
parently of the ectoderm only. Within the space of an hour or so the 
stolon is again fully elongated. 

Permanent contraction, or better, retraction, is of an entirely dif- 
ferent nature. It takes place normally when the tip of a stolon at- 
taches to the substrate. Experimentally it may be produced by injuring 
or removing the tip, or indeed by merely breaking the physiological 
continuity by means of a ligature. The first evidence of such contrac- 
tion is seen in the movement of the cells of the entodermal core of the 
stolon toward the stalk of the polyp. Permanent contraction is best 
thought of as a negative process ; a sort of undoing of the factors which 
produce elongation. In terms of the hypothesis of a growth hormone, 
permanent contraction results from the disappearance of the hormone. 

The ectoderm is active in physiological (that is, temporary) contrac- 
tion. Certainly in the stolon, the entodermal core appears to be pas- 
sively compressed or thrown into a spiral when the stolon is stimulated. 
The entoderm, on the other hand, appears to play the more active rdle 
in morphogenetic (permanent) contraction. It plays the primary part 
also in the plastic straightening into an upright position of the stalk of 
a polyp after it has been bent down as a result of stolon attachment. 
In these morphogenetic changes of form the ectoderm appears to be 
passive, or at least to do little else than contract and thus supply tension. 


SUMMARY 


The processes of budding and locomotion have been studied in a 
scyphozoan polyp, presumably the scyphistomas of Awrelia. It has 
been found (1) that the buds which develop near the hydranth of the 
polyp are quick to pinch away from the polyp (except for a connecting 
strand of ectoderm) and to migrate away by means of pedal stolons; 
whereas the buds which develop near the polyp’s base may long remain 
attached. This indicates an opposition between the hydranth of the 


polyp and the bud. 

(2) The stolons which develop at the upper end of the stalk of the 
polyp are quite commonly organs of locomotion as well as of attach- 
ment. They elongate, attach by their tips, contract, and so draw the 
polyp forward. The new stolon becomes the new base of the polyp, 
while the old base becomes drawn out and finally breaks from its attach- 
ment. The fact that new stolons form away from the base and away 
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from the older stolons indicates an opposition between base and young 
stolons. 

(3) The entoderm apparently plays the primary role in the forma- 
tion and differentiation of buds, and in the formation, contraction, and 
final resorption of pedal stolons. Entodermal cells of the stalk of the 
polyp rearrange themselves into a solid core as the stolon elongates ; they 
actively migrate back into the stalk as the stolon contracts. 

(4) Small pieces taken from any region of the polyp show 
some power of regeneration. In general, there is a decline in hydranth- 
forming potentiality from the upper to the lower end. Pieces from 
the hydranth (oral disc and circle of tentacles) are irreversibly deter- 
mined to form parts of a hydranth. Pieces from the body or stalk may 
regenerate whole polyps, although the relative size of the regenerated 
hydranth decreases as the base is approached. Base-forming tendency 
is strongest at the lower end. The power to form pedal stolons is 
greatest in pieces from the upper stalk. 

(5) Small pieces of ectoderm only may round up and regenerate 
whole polyps. Pieces of entoderm round up but do not regenerate. 
Pieces including both ectoderm and entoderm regenerate in a manner 
typical of the region from which they are taken. The entoderm is thus 
the seat of irreversible invisible differentiation (chemo-differentiation ). 

(6) Various operations were performed on pedal stolons and upon 
the polyps which produce them; such as fragmentations of the polyp, 
and injury, isolation, fragmentation, and ligation of the stolons. The 
results indicate (a) that new stolons commonly grow from portions of 
the polyp’s stalk farthest from the base and opposite the remains of 
older stolons, also on the side opposite a lateral wound; (b) that the 
outgrowth of a stolon is a self-determined morphallactic process inde- 
pendent of the polyp proper but dependent upon the presence and ac- 
tivity of a free and uninjured “tip”; (c) that contraction immediately 
follows in a part of a stolon when the physiological continuity between 
the part and the tip is interrupted. 

(7) It is suggested that the formation of the specialized ectodermal 
tip of a stolon is the result of an induction originating in underlying 
entoderm; and that the tip having thus originated acts as an organ of 
internal secretion in producing a “growth hormone.” The hormone 
diffusing into the entoderm causes the entodermal cells to arrange them- 
selves as the solid core of a stolon. The secretion of the hormone 
ceases when the specialized cells of the tip come into contact with the 
substrate and discharge externally. 


” 
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MITOSIS IN AMCEBA PROTEUS 


J. A. DAWSON, WALTER R. KESSLER AND JOSEPH K. SILBERSTEIN 


(From the Department of Biology, the College of the City of New York) 


In 1935 the authors described the process of mitosis in Amaba dubia. 
This process was found to be so different from that described by other 
workers on large free-living amoebe that it was considered desirable 
to investigate the phenomena attendant on fission in Ameba proteus, 
the other most common large free-living amceba. The first mitotic 
figure, a metaphase, to be described for Amaba proteus was that of 
Carter (1912). This author succeeded in obtaining and figuring this 
single stage of the process. In 1918, Doflein described a few mitotic 
stages. His description was incomplete for early and final stages of 
the process. Both Doflein and Levy (1924) figure and describe the 
division sphere of Ameba proteus. Levy’s figures are in outline only 
and he includes no nuclear stages. Taylor (1923), evidently working 
with Ameba proteus, described phenomena which may be reasonably 
interpreted as pathological. Bélat (1926) describes from original but 
unpublished work several stages in mitosis. Although he considers 
these stages to be of mitosis in Amaba proteus we believe them to be 
of Ameba dubia or some closely related species. Chalkley and Daniel 
(1933) presented an account of mitosis in Amaba proteus and cor- 
related very closely cytoplasmic configuration of division spheres with 
nuclear stages. These authors used only one method of fixation and 
one stain and all figures and descriptions were made solely from living 
animals or total mounts. In a later paper, Chalkley (1936) used addi- 
tional stains including the Feulgen reaction. Our experience in work- 
ing on mitosis in Ama@ba dubia has convinced us that a clearer under- 
standing of the method of division in amoebe can be had by supple- 
menting such studies with the use of sectioned material. With this in 
view the present study of mitosis in Ama@ba proteus was begun. 


MATERIAL AND METHODS 


Two different strains of Amaba proteus Pallas (Leidy) (see 
Schaeffer, 1916) were used in this work. One strain was isolated from 
a culture collected from a pond in the vicinity of Woods Hole, Mass., 
in 1924 by the senior author. The second strain was obtained through 
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the kindness of Mr. J. I. Phinney who originally collected the amcebz 
from Jamaica Pond, Boston, Mass. Specimens of the latter have been 
cultured in this laboratory since March, 1936. The method of culture 
of both is essentially similar to that published by Dawson (1928). 

The technique for isolating, fixing, staining, etc. was similar to that 
used in the work on Ameba dubia (1935). 

Dividing amcebe were obtained in profusion at any desired time by 
the following method. Thriving cultures were placed in a refrigerator 
at a temperature of 3° to 4° C. overnight and set out next morning at 
room temperature, approximately 27° to 29° C. Depending upon the 
room temperature, amoebze were found dividing in the greatest number 
at periods varying from 2 to 4 hours after removal from the refriger- 
ator. This method obviates much tiresome watching of cultures for 
dividing amoebe. 

The following fixatives were used: Schaudinn’s, Schaudinn’s with 
5 per cent glacial acetic, Bouin’s (Allen’s B-15 modification), Flem- 
ming weak and Carnoy and Lebrun’s fluid. For total mounts both 
Carnoy-Lebrun and weak Flemming were used. In sectioned material 
for finer detail Flemming proved best. 

The following stains were used: Heidenhain’s hematoxylin (Grtub- 
ler) aqueous; picrocarmine aqueous ; Delafield’s hematoxylin ; safranin, 
both aqueous and alcoholic ; Flemming triple stain and alcoholic Heiden- 
hain’s hematoxylin. The ferric chloride method used by Chalkley and 
Daniel (1933) proved very unsatisfactory as compared with other 
stains and consequently was used but little in this work. Heidenhain’s 
hematoxylin was used in both long and short methods. Differentiation 
was done with aqueous iron alum and in other cases with a saturated 
aqueous solution of picric acid and ammonia following the method 
recommended by Kidder (1934). Flemming triple stain was used with 
sectioned material in a few instances but in such cases only the safranin 
stained. Concentrated aqueous safranin was used regressively and 
gave a very brilliant red color. Alcoholic safranin (Lee) in anilin 
water produced very good results in sections showing dividing chromatin. 

With the Feulgen nuclear reaction, contrary to our experience with 
Ameba dubia and also to results generally obtained with rhizopods, a 
positive reaction was obtained. We agree in this respect with Chalk- 
ley’s (1936) findings. In some cases, counterstains such as eosin were 
used after Heidenhain’s hematoxylin. 

The best results were obtained using alcoholic Heidenhain’s hema- 
toxylin which was prepared in the following manner. A ripened stock 
solution (10 per cent in absolute alcohol) was used to make a 0.5 per 
cent solution in 70 per cent alcohol. As a mordant with this stain, 4 
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grams of iron alum in 100 cc. of 70 per cent alcohol were used. It 
was found that much better results could be obtained when the staining 
was done at a temperature of 40° C. for about 15 minutes, i.e., mordant 
for 15 minutes and stain for 15 minutes. For differentiation the mor- 
dant solution was diluted twice. Differentiation was accomplished un- 
der a binocular dissecting microscope or the low power of the com- 
pound microscope. After differentiation, slides were transferred to 
50 per cent, 30 per cent alcohol and then washed thoroughly in running 
tap water for 30 minutes. Dobell (1914b) found that this procedure 
gave excellent results in similar work. 


NUCLEAR STRUCTURE OF VEGETATIVE AMCEBA 


Leidy (1879) describes the nucleus in the living animal as being 
“colorless, homogeneous, indistinctly and finely granular, or more 
coarsely, uniformly, and distinctly granular. I did not at any time dis- 
tinguish a distinct membranous wall to the nucleus; and a distinct nu- 
cleolus, if present, escaped my notice.” Calkins (1898) found in sec- 
tioned Ameba proteus that the nucleus consisted of a more deeply 
chromatin in the form of granules distributed 
throughout the nucleus; the other substance has the form of a disk 
lying in the center of the nucleus.” According to Schaeffer (1916) the 
nucleus in the living Ameba proteus is “ typically discoid, sides of the 
disk flat, slightly convex or slightly concave; sometimes dented or in- 
vaginated, especially in old individuals ; conspicuous, except immediately 
after division; size of discoid nucleus, average diameter 46 » and aver- 
age thickness, 15 ». Chromatin in several thousand masses arranged in 
one (?) layer under the nuclear membrane.”’ In a later paper (1926) 
the same author classes the nuclei of Ama@ba proteus (Chaos diffluens ) 
and Ameeba dubia (Polychaos dubia) under the same general type and 
states that in this type the chromatin occurs in the living ‘ resting nu- 
cleus’ “in a layer of small grains of uniform size at a greater or less 


staining substance— 


distance from the nuclear membrane. . . . In addition to these masses 
of chromatin there are found, after fixing and staining, other masses 
of stainable matter, usually irregularly placed, nearer the center of the 
nucleus, and in some species ‘ clouds’ or concentric rings of fine dust- 
like stainable particles, whose chromatin constitution has not yet been 
fully established.” Doflein (1918) who, in our opinion, undoubtedly 
worked with Amaba proteus gives a description of the vegetative nu- 
cleus which generally conforms with those given by Calkins and Schaef- 
fer. The Binnenk6rper, he states, is not sharply marked off from the 
outer nuclear region although he figures it as a distinct body. In gen- 
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eral its shape conforms to that of the entire nucleus. In Taylor’s 
(1923) figures of the resting nucleus of Amaba proteus peripheral 
granules and karyosome are shown and her description is essentially 
similar to that of Doflein. Bélar (1926) states that the so-called Bin- 
nenkorper of Amaba proteus and related forms is a fixation artefact. 
Chalkley and Daniel (1933) working with Ame@ba proteus state that 
“the chromatin, . . . in the resting nucleus is distributed in granules 
or ‘ blocks’ immediately beneath the nuclear membrane.” Further de- 
scription of the vegetative or resting nucleus is lacking although men- 
tion is made of the karyosome during the initial stages of mitosis. 
Later, Chalkley (1936) states “the granules of chromatin (sic) that 
lie in interkinesis just beneath the nuclear membrane play no part in 
the formation of the chromatin of the equatorial plate, . . . the chro- 
matin granules of the plate arise entirely from the karyosome.” 

The nuclear membrane of the resting nucleus of Ame@ba proteus is 
clearly defined in both the living and the stained preparations. Im- 
mediately under the nuclear membrane is a layer of deeply staining 
granules as described by various other authors. The size of these gran- 
ules varies from 1 to 2y in diameter. From the study of total mounts 
alone a very inadequate idea is had of the nature of the remaining part 
of the nucleus. In stained sections the central portion of the nucleus 
may be accurately studied. Such preparations (Figs. 19-26) show the 
central portion of the nucleus to be composed of a lightly staining fairly 
homogeneous mass of finely granular material. To ascertain whether 
or not chromatin was present in this part of the nucleus the Feulgen 
nuclear reaction was used. By this method (Figs. 28 and 29) both the 
peripheral granules and the central portion stained, the former being 
somewhat more intense in its reaction. According to Chalkley (1936) 
the peripheral granules “ contain at best merely traces of nucleic acid.” 
Similar results were obtained by the use of Heidenhain’s hematoxylin 
after various kinds of fixation. Depending on the fixative used it was 
found, as Bélar (1926) has pointed out, that the presence of a clearly 
marked ‘“ karyosome ” is evidence of a fixation artefact (Figs. 27, 28 
and 29). Following the suggestion of Calkins (1933), the term endo- 
some will be used in this work in reference to the central portion of the 
nucleus of Ameba proteus. 


Tue Process oF FIssIon AS SEEN IN THE LIVING AMG@BA 


The formation of division spheres and the subsequent changes in 
the form of pseudopodia are very similar to those previously described 
by the writers for Amaba dubia (1935). See Plates I and II. Doflein 
(1918) figured the division sphere of Amaba proteus and Levy (1924) 
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presented outline sketches showing the various changes in the division 
sphere during fission in this species. The most accurate drawings 
showing this process are those of Chalkley and Daniel (1933). 

The “hyaline area” indicating the position of the nucleus during 
early division phases mentioned by Chalkley and Daniel could usually 
be seen under the binocular dissecting microscope. The present authors 
found, as in Amaba dubia, cytoplasmic currents and general internal 
activity occur, although from external view the animal seems to be 
completely inactive. Observations on the living division spheres under 
the highest magnification possible did not reveal the dividing nucleus. 
Various procedures were used in preparing the living division spheres 
for study. In none of the preparations, including those made by the 
agar method kindly suggested by Dr. Chalkley, could any of the early 
stages in nuclear division be seen. At the time of cytoplasmic division, 
nuclei could, however, be readily observed. 

As shown in Plates I and II the cytoplasmic division may follow 
one of two types both of which also may occur in Amaba dubia. The 
first type of division is shown in Plate I. Here in Figs. 1-5 are shown 
slight progressive changes in a living division sphere prior to elonga- 
tion. A slight elongation can be noticed in Fig. 5. In Fig. 6 projec- 
tions indicate the beginning of formation of the daughter amcebe. 
These projections grow, pushing out in opposite directions and the 
remaining portion of the division sphere becomes drawn out into a 
cylindrical form as in Fig. 7. The connecting cylindrical part gradually 
becomes thinner and the daughter cells have numerous short, blunt 
pseudopodia. As in Ameba dubia, cytoplasmic currents can be observed 
to flow, first in one direction and then in the other in this connecting 
strand. The pulling out process proceeds rapidly (Figs. 8-11) until, 
just before the connecting strand breaks, all motion of cytoplasm within 
it ceases. Each broken end snaps back toward its respective daughter 
amoeba becoming broader and thicker as it is withdrawn. It is interest- 
ing to note that this type of division although most frequently met with in 
Ameba dubia occurred less frequently in Ameaba proteus than the 
second type. 

In the second type of cytoplasmic division no long connecting strand 
can ever be seen. The stages preceding either type of division are 
similar up to the point (Fig. 6) where indications of the forming 
daughter amcebze become obvious. The two daughter amoebz flow out 
very rapidly forming very large coarse pseudopodia (Figs. 12 and 13). 
The connection between them as shown in Fig. 14 is very short as 
compared with that in Fig. 11. From this point separation occurs 
within a few seconds leaving the daughter amcebze lying close together. 
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In some instances it is difficult to detect the complete division until after 
fixation (Fig. 18). 

Our results agree closely with those of Chalkley and Daniel (1933) 
in respect to the duration of the process of fission in Ameba proteus. 
In general it has been found that the correlations between pseudopodial 
width and stage of nuclear division as described by the above-mentioned 
writers are roughly correct. In our experience, however, wide diver- 
gences may exist between pseudopodial configuration and the stage of 
nuclear division. Division spheres which had already begun to elongate 
showed, upon fixation and staining, early stages of division. The 
pseudopodia are coarser in the later stages of fission. In this work, 
however, it has been found impossible to isolate any desired stage of 
nuclear division with the 97 per cent accuracy claimed by Chalkley and 


Daniel (1933). 


THE PROPHASE 


The resting nucleus of Amaba proteus which is entering on the 
prophase becomes considerably swollen so that when observed in sur- 
face view, although still discoid in shape, the slight, biconcave depressions 
have now pushed out. The nuclear membrane shows clearly, being 
somewhat thinner than in the vegetative condition. The peripheral 
granules still stain fairly strongly and have now decreased in number. 
They are much less uniform in size and more widely separated. At the 
same time there is forming, in the central portion of the nucleus (endo- 
some) a mass of numerous small, deeply-staining, rod-like granules 
which are all definitely less than 0.5 » in length (Figs. 43, 44, 45 and 
60). These granules have a plate-like arrangement. 

Spindle fibers are lacking at this stage. According to Chalkley and 
Daniel “the chromatin has left the membrane and is evidencing a 


tendency to aggregate in a zone . . . the chromatin appears completely 





EXPLANATION OF PLATE I 


Photomicrographs. All figures were photographed using a Leitz compound 
microscope and Leitz apochromatic lenses. Number 3 objective and 15 X oculars 
were used in all cases. All figures were made from living amcebe in process of 
division. Magnification approximately 90 diameters. 

Fics. 1-5. Ameaba proteus Pallas (Leidy). Showing successive stages in 
division spheres prior to elongation. Compare with Figs. 17 and 18. 

Fic. 6. Division sphere showing beginning formation of daughter amcebe. 

Fic. 7. Slightly later. 

Fics. 8-11. Showing cytoplasmic bridge connecting daughter amcebe in suc- 
cessive stages. Type I division. See text. 
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withdrawn from the membrane . . . tending to form an irregular ring.” 
Later (1936) Chalkley retracts this statement saying that the peripheral 
granules play no part in the formation of the equatorial plate. In our 
preparations no evidence can be found that the peripheral granules leave 
their position close to the membrane and migrate to a central portion 
of the nucleus. On the contrary, they gradually fade out of the picture 
and take no part in the formation of the plate. In preparations of this 
stage very definite evidence is present to show that the granules 
which are to form the plate are at no time arranged in a ring but are 
in the form of a disk. 


THe METAPHASE 


Beginning with the definitely formed metaphase plate as shown in 
Figs. 30-35, 46 and 61 the following condition is found. The nuclear 
membrane is still present. This is especially clear from our sections. 
Fibers are now seen extending from the plate to the nuclear membrane. 
At this stage, due to the shape of the nucleus and the delicate character 
of the membrane at the polar regions of the spindle, multipolar ap- 
pearances have been observed. This effect is, we believe, due solely to 
fixation artefacts. The plate is composed of a very large number of 
individual, deeply-staining small chromatin granules. It is approxi- 
mately circular in outline, the diameter being about 25». The granules 
now are + 0.3» in diameter and are quite uniform in size. In a few 
preparations, especially in sectioned material, larger achromatic granules 
may be observed. These lie outside of the plate among the spindle 
fibers. It is believed that these bodies are remnants of the former 
peripheral granules which have not yet disintegrated and that they take 
no part in the mitotic process (Figs. 35 and 46). 

The dividing chromatin of the metaphase plate in Ameba proteus 





EXPLANATION OF PLATE II 


Photomicrographs. Figures 12-15 from living amcebe in process of division. 
Magnification approximately 90 diameters. 

Fics. 12-15. Amoeba proteus Pallas (Leidy). Successive views of final 
stages in fission. Type II. Compare with Plate I. 

Fic. 16. Total mount. Division sphere in prophase. Heidenhain’s hema- 
toxylin. X 70. 

Fic. 17. Total mount. Division sphere in late anaphase. Safranin. X 400. 

Fic. 18. Total mount. Cytoplasmic division, Type II. Note peripheral po- 
sition of nuclei. Heidenhain’s hematoxylin. X 400. 
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stains heavily with all basic dyes used and gives a strongly positive 
Feulgen nuclear reaction. This is in sharp contrast with the condition 
in Amaba dubia in which no sharply defined metaphase plate was 


observed. 
THe ANAPHASE 


In the early anaphase the former metaphase plate has divided to 
form two distinct plates (Figs. 36, 37, 47, 48 and 62). The nuclear 
membrane, although delicate, is still present and may be traced com- 
pletely around the figure, especially in sectioned material (Figs. 36 and 
62). The spindle fibers extending between the two separating plates 
can be clearly seen at this stage. They are extremely numerous. The 
polar fibers now definitely terminate at a point, giving a bipolar spindle. 
The chromatin granules comprising the plates are similar in size and 
staining capacity to those of the preceding stage. The larger achro- 
matic granules now occur less frequently but a few may be observed 
in sectioned material (Figs. 36, 37, 47 and 48). 

As the anaphase progresses the daughter plates become more widely 
separated (Figs. 38, 39, 40, 49 and 50). The nuclear membrane is 
still present. It is now very delicate and cannot be seen in all total 
mounts. In sections, however, its presence may still be detected. In 





EXPLANATION OF PLATE III 


Photomicrographs. All magnifications X 1,200. All figures from sectioned 
ameebe. Sections 6 thick. All fixed in Flemming except Figs. 27-29 which 
were fixed in Schaudinn’s. All stained with Heidenhain’s hematoxylin except 
Figs. 28 and 29 (Feulgen) and 30-34 (safranin). 

Fics. 19-21. Vegetative nucleus serially sectioned through surface. Note 
deeply stained peripheral granules and in Fig. 20 endosome showing throughout. 

Fics. 22-26. Vegetative nucleus serially sectioned at right angles to long axis. 

Fic. 27. Vegetative nucleus showing endosome as fixation artefact. 

Figs. 28 and 29. Vegetative nucleus. Feulgen. In both the peripheral 
granules stain deeply. Fixation as in Fig. 27. 

Fics. 30-34. Serial section of metaphase plate. Note spindle fibers and 
nuclear membrane. Compare with Fig. 46. 

Fic. 35. Early metaphase plate. Note achromatic granules and nuclear 
membrane. 

Fics. 36 and 37. Successive views, early anaphase. Note nuclear membrane, 
divided plate, bipolar spindle and achromatic granules. Compare with Figs 47 
and 48. 

Fics. 38-40. Serial sections through mid-anaphase. Note nuclear membrane 
especially at polar regions, spindle fibers and achromatic granules. Compare with 
Figs. 49 and 50. 

Fics. 41 and 42. Telophase, side and surface views from same amceba. Note 
“ parachute ” in Fig. 41 and convex type of plate. No achromatic granules present. 
In Fig. 42 note nuclear membrane and fine granulation. Compare with Fig. 54. 
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mid-anaphase the spindle fibers are numerous and clear as are also the 
polar fibers. An excellent idea of the nature of the daughter plates 
in this stage may be had from a three-quarter view as shown in Figs. 
51 and 63. The size and disposition of the chromatin granules in the 
plates are clearly shown. 

The plates move farther apart and their planes still remain in most 
cases parallel. Each gradually becomes saucer-shaped with the convex 
surfaces facing each other (Fig. 52). The polar spindle fibers are 
still present but the fibers between the plates have practically disap- 
peared. At this stage a few achromatic granules may still be seen in 
some preparations. In a similar stage in Amaba dubia the achromatic 
granules are relatively numerous. 

The nuclear membrane so clearly visible in Ameba dubia at this 
stage becomes difficult to follow in Ameba proteus. In our prepara- 
tions the nuclear membrane is present, surrounding the polar regions 





EXPLANATION OF PLATE IV 


Photomicrographs. All magnifications X 1,200. All figures from total 
mounts except Figs. 55-59 which are from sections, 6 thick. Figures 43-54 
fixed in Carnoy-Lebrun. With the exception of Fig. 58 all remaining figures from 
amoebe fixed in Flemming. All stained with Heidenhain’s hematoxylin. 

Fics. 43-45. Nuclei in prophase. Note peripheral granules and cloud-like 
forming plate. Compare with Fig. 60. 

Fic. 46. Metaphase plate. Note achromatic granules. Compare with Figs. 
30-35 and Fig. 61. 

Fics. 47 and 48. Early anaphase. Two views of same figure at different 
focus. Note separating plates, spindle fibers and achromatic granules. Compare 
with Figs. 36, 37 and 62. 

Fics. 49 and 50. Mid-anaphase. Two views of same figure at different 
focus. Note spindle fibers. Compare with Figs. 38-40. 

Fic. 51. Mid-anaphase. Three-quarter view showing granulation of plates. 
Compare with Fig. 63. 

Fic. 52. Late anaphase. Note curving of plates, polar fibers and achromatic 
granules. Compare with Fig. 17. 

Fic. 53. Early telophase. Note greater curvature of plates and achromatic 
granules. Compare with Fig. 64. 

Fic. 54. Later telophase showing one nucleus in side and one in surface view. 
Note character of granules and forming “ parachute.” Compare with slightly 
later condition in Figs. 41, 42 and 65. 

Fics. 55-59. Showing reconstructing nuclei. Figure 55 one-half hour after 
division. Note small size of peripheral granules and vacuolated endosome. Figure 
57. Two hours after division. Note typical nuclear shape. Peripheral granules 
increased in size. More granular. 

Fic. 58. Three hours after division. Note increase in size of peripheral 
granules and those of the endosome. Compare with Fig. 68. Sectioned in surface 
view. 

Fic. 59. Five hours after division. Note similarity to vegetative nucleus. 
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of the separating plates. It is difficult to make out with certainty on 
the inner surfaces of the plates. Some evidence of invagination or 
pinching off of the membrane in the equatorial zone of the spindle has 
been obtained. We believe that the membrane does not break down 
but divides in this manner just after mid-anaphase and thus comes to 
encircle each daughter nucleus. 


Tue TELOPHASE 


The telophase stage is characterized by the further migration of the 
daughter plates (nuclei). At this time the division sphere has definitely 
elongated and the daughter plates (nuclei) are found near its poles. 
An early telophase is shown in Figs. 53 and 64. The daughter plates 
are now thicker, somewhat more convexly curved, and consequently 
have a shorter diameter. Measurements show the diameter now to 
be about 11 to 124. The nuclear membrane appears much more dis- 
tinct. The polar spindle fibers form a conical cap on the concave 
surface of the plate. No sign of interzonal fibers can be seen. At 
the same stage in the division of Amaba dubia such fibers are charac- 
teristically present. The disappearance of the achromatic granules is 
practically complete at this time. 

Later stages of the telophase are associated with cytoplasmic divi- 
sion of the animal. Typical later telophases are shown in Figs. 18, 41, 
42, 54 and 65. The nucleus may now best be described by calling it a 
“parachute.” The polar spindle fibers represent the shrouds of the 


parachute and the plate, the dome. Such structure is most apparent in 


sections one of which is shown in Fig. 42. In surface view (Figs. 42 
and 54) one can observe that the granules originating from the plate 


EXPLANATION OF PLATE V 


All drawings made with camera lucida. X 1,700. 

Fic. 60. Same as Fig. 43. Nucleus in prophase showing peripheral granules 
clearly defined and forming plate. 

Fic. 61. Similar to Fig. 33. Median section through metaphase nucleus 
showing dividing plates, spindle fibers and nuclear membrane. 

Fic. 62. Same as Fig. 36. Early anaphase showing divided plates, bipolar 
spindle, spindle fibers and nuclear membrane. 

Fic. 63. Same as Fig. 51. Mid-anaphase, three-quarter view. 

Fic. 64. Similar to Fig. 53. Showing early telophase condition. Note char- 
acteristic saucer shape of plate and achromatic granules. 

Fic. 65. Late telophase nucleus. “ Parachute” stage. 

Fic. 66. Reconstructing nucleus ten minutes after division. Note uniform 
distribution of granules and delicate nuclear membrane. 

Fic. 67. Reconstructing nucleus one and a half hours after division. 

Fic. 68. Reconstructing nucleus three hours after division. Note presence of 
peripheral granules. 
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are extremely fine and numerous. They do not stain so intensely. 
The diameter of the granules is unchanged. The diameter of the 
nucleus in surface view varies from 12 to 15 whereas the measure- 
ment of the short axis of the nucleus is approximately 4 to 5m At 
this stage but one type of staining granule is present and the nucleus 
is obviously much smaller than in the adult vegetative condition. 


RECONSTRUCTING NUCLEUS 


Although at the time of cytoplasmic division the nucleus has a 
definite membrane, it can by no means be considered completely recon- 
stituted as Chalkley and Daniel (1933) state. We have studied the 
reconstituting nucleus both in total mounts and in sections from the 
time of division to over 5 hours thereafter. At the moment of division 
there is no evidence of the characteristic biconcave, discoidal shape 
(Fig. 18) but it resembles a thin saucer. Ten minutes after division 
it becomes slightly biconcave and measures approximately 20 in the 
long diameter and 6, in the short diameter. The former plate still 
occupies its central position in the nucleus. In surface view it is seen 
to be composed of numerous, extremely small (less than 0.3 in 
diameter) granules which stain less intensely than those of the telophase. 
During the interval between cytoplasmic separation and ten minutes 
after division, peripheral granules first make their appearance. These, 
in the beginning, are indistinguishable in size and staining capacity 
from the granules of the plate. 

From 10 to 30 minutes after division the nucleus becomes slightly 
larger being approximately 24 in the long axis at 30 minutes. The 
peripheral granules also increase slightly in size now measuring from 
0.5 » to 0.7» in diameter. They appear somewhat irregularly placed 
and seem to have fibrillar connections. The central region which 
marks the former position of the plate becomes slightly granular, 
vacuolated and stains more faintly (Figs. 55 and 66). 

At the end of one hour after division the nucleus is approaching 
normal vegetative size, measuring through the long axis approximately 
30 » and through the short axis 13. The final definitive shape of the 
vegetative nucleus has been nearly if not entirely assumed at this time 
(Figs. 56 and 67). The peripheral granules are slightly larger meas- 
uring about 8,» in diameter. The central portion of the nucleus, the 
endosome, is now vacuolated, has a reticular appearance and stains 
more heavily. It is definitely granular and extends throughout the 
entire nucleus. 
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Other than a slight increase in size, little change can be noted in 
the two-hour reconstructing nucleus (Fig. 57). Three hours after 
division both the peripheral and some of the central granules have 
increased in size (Fig. 68). The picture is not essentially different 
four hours after division. The peripheral granules, however, show a 
perceptible increase in size, being 0.9 in diameter. The central mass 
(endosome) is definitely granular and extends throughout the nucleus. 
It stains evenly and fairly heavily in sectioned material. 

About five hours after division (Fig. 59) at room temperature (in 
this case 30° C.) it is difficult to distinguish the reconstituting nucleus 
from the vegetative condition. 


DISCUSSION 


From the preceding account of mitosis in Amacka proteus it is obvi- 
ous that the process differs markedly from that in Ama@ba dubia. It is 
also to a certain extent at variance with the accounts given by other 
workers with the same species. Descriptions of the vegetative nucleus 
of Ameeba proteus by former workers agree in general that a nuclear 
membrane is present and that a layer of peripheral granules underlies 
this membrane. In regard to the structure and function of the central 
portion of the nucleus or endosome considerable diversity of opinion 
exists. Thus Taylor (1923) describes an endosomal body which is 
clearly marked off from the outer region of the nucleus. Doflein 
(1918), although he does not specifically state a similar condition, has 
figured it as such. Our observations have led us to agree with Bélar 
(1926) that such a sharply marked-off endosome is evidence of faulty 
fixation and our study of the structure of the vegetative nucleus of 
Ameeba proteus convinces us that the account given by Calkins (1898) 
is essentially correct. We are unable to confirm Schaeffer's statement 
(1926) that the vegetative nuclei of Amaba proteus and Amaba dubia 
belong in the same category. In Ameba dubia no endosome as such 
could be seen but the staining granules were evenly distributed through- 
out the nucleus. We believe that the uniformly distributed mass of 
relatively large granules in the Amaba dubia nucleus are homologous to 
the peripheral granules of the Ameba proteus nucleus. Both disappear 
during mitosis and both are reformed “de novo” from the dividing 
chromatin. 

Doflein (1918), Bélar (1926) and Chalkley and Daniel (1933) all 
hold that the peripheral granules are the dividing chromatin and that 


the endosome supplies no chromatic elements. It is noteworthy that 
Chalkley in his recent brief account (1936) completely reverses his opin- 
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ion in this regard and states that “ these granules give rise to, or con- 
tribute to, the formation of the spindle fibers and the pole caps.” Our 
work shows that the peripheral granules begin to disintegrate during 
the prophase and do not migrate to the central portion of the nucleus 
where the metaphase plate is forming. The metaphase plate originates 
from the endosome. 

The multipolar metaphase figures shown by Carter (1912) and 
Doflein (1918) are, as can readily be seen from our photographs and 
figures, solely due to artefacts of fixation. It is noteworthy that such 
figures are shown from sections. We have found that the so-called 
‘ multipolarity ” is accentuated in sections through the outer portion. 

Chalkley and Daniel * (1933) claim that the nuclear membrane dis- 
appears at metaphase. Although Carter (1912) figures a nuclear mem- 
brane surrounding the metaphase figure, Doflein (1918) questions this 
and states that the nuclear membrane is not present at this stage. On 
the contrary, we have found the nuclear membrane clearly defined as 


late as mid-anaphase and also present in the early telophase. Indica- 


tions of its presence in the intervening short period (at most five min- 
utes) may also be seen. We therefore believe that the nuclear mem- 
brane does not break down during mitosis in Ameba proteus. 

Our observations on the reconstructing nucleus in Amaba proteus 
have led to a better understanding of the origin of the peripheral 
granules. These begin to reappear just after cytoplasmic division and 
gradually grow in size with the growth of the nucleus. The genesis of 
these granules is decidedly similar in Amaba dubia and we are forced 
inescapably to the conclusion that they originate from the plate material, 
i.e., they are endosomal in origin. 

Binary fission in Amaba proteus and Ameba dubia represents, we 
believe, the method of reproduction. The conception of Doflein that 
multiple division is a regular occurrence in Ameba proteus is, in our 
opinion, erroneus. The critical review by Johnson (1930) concerning 

1 In a more complete paper appearing in December, 1936, shortly before this 
paper went to press, Chalkley stresses again the absence of the nuclear membrane 
during metaphase and anaphase in the division of Ama@ba proteus. Evidence is 
presented by us in this paper to show that the nuclear membrane is present during 
metaphase and early anaphase. We are in accord with Chalkley in finding that 
the dividing chromatin in Amaba proteus originates in the karyosome (endosome), 
but it is difficult to follow his reasoning when he states that the polar caps, the 
spindle fibers and possibly the “new nuclear membrane” are formed in part from 
the peripheral granules. A study of his paper fails to reveal evidence for such a 
belief. It does seem entirely probable, however, that the so-called peripheral 
chromatin is derived from the karyosome. The fact that it gives the Feulgen re- 
action for a short period during reconstruction while it is migrating from the 
karyosome to the periphery would clearly indicate that such is the case. 
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diverse theories of reproduction in the large free-living species of 
Ameeba and the recent work of Halsey (1936) serve to confirm this 
belief. 


SUMMARY 


1. In Ameba proteus the vegetative nucleus is a discoid, biconcave 
structure with a nuclear membrane, a layer of peripheral granules and 
a central endosomal mass. 

2. During prophase the peripheral granules begin to disintegrate 
and the dividing chromatin originates from the endosome. 

3. In metaphase the plate is fully formed and consists of numerous, 
small, deeply-staining chromatin granules. Spindle fibers, both inter- 
zonal and polar, are first apparent at this time. The interzonal fibers 
disappear at late anaphase. The polar fibers persist throughout the 
process. 

4. The granules of the metaphase plate divide to form the two plates 
of the anaphase which continue to separate, becoming condensed and 
curved until the telophase stage. 

5. The nuclear membrane is clearly present up to mid-anaphase and 
again at telophase. There is evidence that it persists throughout the 
entire process of mitosis. 

6. The nucleus is fully reconstituted about five hours after cyto- 


plasmic division. The peripheral granules are formed from the plate 
mass and appear a few minutes after division. 
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